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Exposure to an enriched CO, atmosphere alters carbon 
assimilation and allocation in a pine forest ecosystem 
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Abstract 

We linked a leaf-level C 0 2  assinnlation model with a model that accounts for light 
attenuation in the canopy and measurements of sap-flux-based canopy conducta~ice into 
a new canopy conductance-constrained carbon ass~milation (4C-A) model. We estimated 
canopy C 0 2  uptake (Anc) at the Duke Forest free-air C 0 2  enrichment (IACf.) study. Rates 
of An, estimated from the 4C-A model agreed well with leaf gas exchange measurements 
(A,,,t) in both COZ treatments. Under ambient conditions, monthly sums of net C 0 2  
uptake by the canopy (A,,() were 13% higher than estimates based on eddy-covariance 
and chamber measurements. Annual estimates of Anc were only 3% higher than carbon 
(C) accumulations and losses estimated from ground-based measurements for the entire 
stand. The C budget for the Pz i~us  taeda component was well constrained (within 1% of 
ground-based measurements). Although the closure of the C budget for the broadleaf 
species was poorer (within 20%), these species are a minor component of the forest. 
Under elevated C02,  the C used annually for growth, turnover, and resptration balanced 
only 80% of the Anc Of tlie extra 700g C m  'a ' (1999 and 2000 average), 86% is 
attributable to surface soil CO, efflux. rh is  suggests that tlie production and turnover of 
fine roots was underestimated or that lnycorrhizae and rhltodeposition became an 
increasingly important component of the C balance. Under elevated COZ, net ecosystem 
production increased by 272g C m  'a '. 44% greater than under ambient COz. The 
majority (87%) of this C was sequestered in a moderately long-term C pool in wood, with 
the renia~nder in the forest floor-so11 subsystem. 
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Introduction 

Attempting to reduce the r;ltt. 'tt .ivhich ,~t ino\phcr~c 
CC)2 rircrcdses, the Kyoto I'rotocol h,?s tmnsforrnecf C O2 
emrssrons ancl sinks into valuable tradtng coinmctclrties 
(Steffen c.1 0 1 ,  1098) Tlre srze of the carbon (0 sink 111 

terrestrial ecosystems ' 3 r d  the ron t r tbu t~ol~  of drffc>rt,nt 
processes to ] t i  strr>ngth unci<>r current ,itino\pherlt 
concentratrons are st111 uncerta~n (Sclriinel ('1 111 , 2001) 
The uncertainty over the strength of the sink 111 ,> tuturc 
C02-enriched wrorlcl is even grc.,~tcr ( I  loughton, 1'197) 

1.01 t,xainplc, d ~ s p i t ~  50nic c1o.iv1~-rcgu1,ttion ot photo- 
svntlrct~c ~,ttc,s (/\,,,,) t111dt.r clt,\,>tcd C O2 (litly & J < ~ r \ i \ ,  
1'108, J,\ch Xr Cculc~m,~ns, 2000, ( , r~f f~r r  1.1 111 , 2001, Tiss~ic 

c.1 i l l ,  2001, liogc,rs & l+llswortl~, 20021, C uptake of 
c,tnctple\ 1s t~xpcctt~cl to tiiciti,~sc I Iowr\rt'r, thr  ,111iount 
of C storcd 111 tht. bio\phcrr c4ot.s not necesic1ri1y 
incrrase w ~ t h  tl1t' ~ ~ ~ i ~ n i l ~ t i t ) ~ ~  ot ( O2 111 photosy~rtI~t,\is 
(V,~Ic~iitinr rt 111 , 2000) Lncert<~tntle\ In C balniiccs 
hamper  thr t~st,tblislirirc.nt ,111cf ~ i n p I e r n e n t , ~ t i ~ i  of poli- 
cies aln-trd at rcgulating ,ttinosplreric C 0 2  concentr~tions 

To reciucc. unct~rt,rtntie\ 111 the C b,1lairces, studrtxs 
oftcn combiire dittc>reiit '~pproachcs arrcl inc~thodolog~es 
to cstrmate C fluxt>s into ,ind out oi \cgetntron Ihe 



cicgree of  confidence t r i  these c~stlmatc~s 1s htgh when 
cilffercwt mc,thods proclucc strnllar results, thercby 
'closing' the C budget tor an ccosystcln For t~x,rniplc~, 
phvsiolog~cal and biophy51cai mocfels of net canopy 
;tsilm~l,itton (A, , ()  ancl resplrcitlon by planti ~ n d  
rrrtcroorganisnis (Collatr c.1 irl , 1991, 1,cunlng zl a1 , 
1998, Wang & It>unlng, 1998) can be compared to C 
balances estlmated by 'dciy covdnnnce, hlomass-b'lscd 
t3stlmates of nct prlni'try productlv~ty (NI'l') and 
c h a n i b t ~  based estlrnates of respiwtlon (1 ,tw 1.f 111, 
1999) Intc~estlngly, the dcgrcc ot closure In the C 
b,tlance varles tonsldcrably among st t~dies  (Baldocchl 
r.1 a /  , 1996, Luo t.1 e l  , 1997, Law ct ill , 2000) A I ~ c k  of 
closure ~n the C b'tlance for plants growing rtndcr 
aniblent conditions of atmospheric C 0 2  (<()5) 1s 
parttcul'irly trottbllng w1rt.n the ultlmate goal 1s to 
estimate C balancc-s uncier eitvstc~cl ntmospheric C 0, 
(CO;) The lack of closurt, In C balances uncler CO'; 
suggests an incomplete understanding of key proce55es 
(~nclttding mlsslng or n e g l t ~  ttng apprcclable pools and 
fluxes), lmproper niocfel parameterizatron, errors m 
mt.a5urenwnts, or erroneous gap-filhng niethodologles 
Thcse problems mcjy cause a greater lack ot closure 
under CO; with ,in impetus to search for an  explanation 
where none 1s needed 

Only two free alr C 0 2  cnrtchment (FACF) cuperl- 
mrnts exlst 111 niaturtng torests, provldlng data on  
forest response to elevated CC)> in othrrwlse ~ n ~ t l t e r e d  
condltlons One experlnient is In a pure stand ot 
1 rrjurdanrbar sty~ntrflrirr 1 (Norby ct 01, 2001), ,rnd one 
in a planted stand of 13rirus !acdir L that currently 
includes 48 woody spcclcs and <t large number of 
spcc~es  of hrrb,tct.o~is pl,~nts 2nd  v1nc.s (De1.uc1a c2f 111 , 
1999, I-talnlltolr 1.1 (71, 2002) In both the5c eupcrlmcnts, 
the plot s17c' prt~c111eics the ust, of t d d y  c~\~arl ; lnc t' to 
estlrnate b~osphcre-,\ tn\ospI~ertt \\rater vdpour ;ln~1 h t \ ~ t  
exchange under CO),  and tht, mc>thod cannot be used to 
quantlfy C O z  flux bec,tuse largt. cluantltlcs of < 0: ,ire 
cm~t ted  wlth k-ACI: technology A C hdlancc. ot tht, C OI, 
experimental plots car1 be ,isst,ssed by ~orl ipar lng /I,,( 
estlmated from ~t phislologtcal model wltli gro\s 
pr~ni'try productlvlty ((;I'I1) e5tln1,itcd troni the. ittln- 
niatton of blom,>ss productlon anci respiration 
Although a number of str~cflcs have focu\c~cI o n  
different components of thr C budgets at tlit,sc, s1tt.s 
(DeLucl,l t.1 a1 , 1999, 1 u o  1.1 rrl , 200 1 ,  0rt.n r l  (11 , 200 1, 
Norby c,t rrl, 2001, F:lnzl 1.1 i l l ,  2002, tlanitlton 1.1 111, 
2002), the C bal'tntc of ettiwr slte has not yet bccw 
verlftcd uslng a combt11'1tlon of dlffcrent a p p r o ~ c l i t ~ s  

In t h ~ s  stucly, w e  l~nkrcl a leaf-lt,\ei C O2 as\~riill,~t~c>n 
nitxlel (K'itul c2t (11 , 2000) wit11 Ilght models (Campbell & 
N o r n ~ ~ t n ,  19'18, $tcnhc>rg, 1908) ,~nci sap-flux-h'ist~d 
lanopy conductance (Kost1ic.r i.1 irl , 1992, I - \ \  cr s & 

C)ren, 2000) ~ n t o  ~r cant)py l t ~ t > l  rnodt.1, hr~1t~~3tt t~r  

I t,ftxrrc,ci to '15 the cdnopv corrciuctancr-t onstr;rtnt~cl 
C O2 d s s ~ n ~ ~ l ~ > t l o r r  o r  4<'-A model Wc, teitccl the 4< -A 
1noJc.I t>stln~~rtc>s of nt,t pliotosyntht~51s (A,,,,) ag'iirrst 
leaf g'3s exchange nicasurenicnts ~1nclt.r amhtent and 
c l t~n t r t f  < OL Un~it'r < (3; xvt' ~ ~ ~ o d t ~ l l e c j  nr't canopy 
asslrnll,~tlon (A,,( ) and tcst'd it5 predlctton ag,rtnst 
lndcpendent nrensurernent5 of nett etosystt~ni exchange 
( N I I )  dncl net  ecosystcin productlon (NLI'), after 
, i t co~ln t~ng  for resptmtton We then ttstd the nrodrl to 
,t\st><s tlitl t x f f t~c  t of C 0 5  o n  (' uptake <-tnd ,111ocation to 
dtfiercirt components of the C budget Unllkc other 
ecoph)s~'loglcd models (e  g i runlng, 1995, 1 a1 1.1 0 1 ,  
2000, fi,tldoccli~ & Meyers, 1998), the 3C-A model Ir 
unlcltit, In that ~t uses ne,rrlv continuous measurenicnts 
ot c'tnopy conductance to coristralrr C 0 2  upt,tke by 
cllftt~rt~it spccles under varylng e~rvtrcrnnicntal condt- 
ti0115 Tills a p p r o x h  eitrrilnates the ~ l n t  ert,i~ntles that 
tvplcnllv 'iftect modelled stoni,ltal conduct(rnce, but 
rc.t,>t~~i the bloc hemtcal proce5ses neccss,try t o  cs t~niatc  
~nterct~l l r~lar  C 0 ?  

Material and methods 

Sf l i l i y  sifr 

The site 1s located 111 Duke F:ore\t, North C arollna, USA 
(75 58'N, 79 05'W) The average annual tcmpt1rature 1s 
15 5 (' nncl the annual prcc1plt,3tlon 1s 1140 rnm The 
so11 rs '1 ~noder,rtely well-drained low-fcrttllty actdlc 
llapludalf of the Fnon Serles with a <lay pan at c'i 
30 t rn clcpth 1 he even-aged I' lncjitr 1 forest was 
pl,>ntcxl ~n ~i clear-cut openlng ~n 1987, wlth ,tddttlonal 
t ~ c c  sprcles reprewntlng sreci ic>urLes of plne nnd 
bro,rcilt,af spec1t.s troni t I i ( >  surrounctlng arcv The rn,m 
hrtt;tcilc~,tf st>cclc>s are 1 sfyratr/lria I , 411.r i~ i i~ru i r r  L , 
I I i  M I X  , and coiirr i  I I 1-urther details 
,ibout the sltc can be tound In 1 I l s ~ ~ o r t h  (1099) and 
\ch,itt~r i,! rrl (2002) The }+A< I. t,tc~lltv .tt  Iluke 1-orest 
(Ilcjndrcy 1.1 i l l ,  1009) .iv,~s cleslgiitd . i \ l t l i  11rcul;rr 
plot5 (?Om in dlan~txtcr), thrclt, ot ~ ~ I r t c l i  
,trt, rlncit,r CO'' ,>lid thrc~c~ under (0: (alnhit~liti 
200 pnii)l I C O2 1no1 I <11r) I<,id~'rl 1 ~ 0 ~ t r t i ~  < ~ l k s  or- 
ic'nteci I I I  north-to-south and ,,,st-to t \ tx \ t  ci~rc,ctlon~ 
trans\ crst' c3de 11 plot 

A / l / i r o i ~  11 

We estlmatc~cl c'>nopy-It~\t~l ntht c1;tytlrnc ( O2 uptake 
(In g C m ' ground 5 I )  based on the 4C A rnoclel 
5ap-flux-based conductance est~mates  \z7erc available 
for a 1511-1 t\rldt> strlp on  each \lilt> of the bo'trdw'rlk 
(21 I mL of ~i plot total of 7 0 7 1 d ) ,  ,ind thus cippiled 
our c,stimatt,s to this sectlon onlv In eat11 plot Wt, first 
ver~flcd our A,,, t,itlmate for ,inrblcnt plot 1 'rj;allist 



tlir sum of cfC1ytimc values of (1 ) COz uptake from tlic 
;tttnosphmt> measured wit11 t~icfy co\Jclriance above thc 
canopy in this plot ( t z ,  1 '11 rt (11 , 2000), (2) rcsplr,ttion 
cs t~mat td  based on  temperature-resplr'3t1011 func t~oni  
for the forest floor ( F ? )  ancl above-ground ivoody 
b~oni ,~ss  (maintenance rt~sptration, lihlr ,tnci construe- 
tlon respwat~o~i ,  K c  ), and (3) C 0, depl(3tion in the foreit 
alr volume from rneasureinrnt of the C 0 2  concentr,ltion 
profile between the forest floor and the posltion of the 
eddy-covariance system (ilS2 ) FolIo\viiig this verifica- 
tion step, we  proccedcd wit11 ~1 C balance, c o n q ~ i r l n g  
the estlniated A,,( for rach plot wltli the sum of the 
annual ~itilization of C for growth, g rowt l~  rcsplration, 
,tnd maintenance resp~r~l t lon of the major biomass 
components 

In the following sections w e  dt\scribe the components 
ot the 4C-A model, the set of lniiepencfent iueasurcd 
flnxes obtained for verifying it under ambient condi- 
tlons, and then the nie,~stlrcincnts obtalned for balan- 
cing ~ t s  A,,, cstlmates ag't~nst growth and rc>splratton 
under both ambltwt and elevated C 0, atrnosphere 

At the leaf sc'ile, net assim~latlon (A,,,, rn pmol 
C O Z  m ' projected leaf s ') and stomatal conductance 
'>re related '1s follows (Katul 1.1 rrl 2000) 

ivherr c,, is external C O7 coiicei~tration in pmol mol 2, 

c ,  1s the internal ( OL cctiicentratioii 111 p ~ n o l  mol ', and 
g c ~  i i  mean stomata1 concluctance to ('0' ( n ~ o l  m ' 
leaf s '1, calculattd trom n1t.an stomata1 conduct,tnce 
of water v'lpour corrected for tlie ratio of ctiff~~sivitv of 
water vapour to ( O2 ( I  6) 'issunilng Eicklan clltt~islon 
(for p.~rxnetc,rs, synihols, and uiilts, see Tabltl I )  

'f31g-leaf' me~~lc l s  that use '1 slnglt. c ~ l i ~ o p y  1ayt.r tt~iici 
to undercstlm,>te A,,, d u e  to non-linearity of the 
response to Ilght of se~vc~ml pliotosyntlietic proccssc,s 
(I>elJury & Earclul~ar, 1997, I . r~ t~nd ,  2001) Thus, 111 orcic,r 
to cstlmate ,yco '111d C,/(', for caltulatlng A,,, , ivc 
cstlm,>ted tlit, light rc,gimt, In t,ach ot 16 I m layers 111 thc 
c~tnopy ancl useci this light '1s a n  input 111 modelling 
,yc 0 and C,/C<, Therc are scvt~ral reasons as  to 1% hy thli 
approach is ,~civ'>nt,geolis ( 1 )  tht. ~ntegr,ttcd v ~ l u t ~  of 
C,/C, fro111 leaf to canopy 1s properly we~ght>cl by thc 
conductance thereby rt>solv~ng tlie interaction between 
C,/C, and gcct whlle preserving the bulk canopy 
conductance, (2) v,lrtabillty 111 ( ,  across the canopy 
hc~ght  can be expllcltly iiicorporatcd 111 the up-scallng 
of C,/C<,, 2nd (3) the physlolog~cal ~ a l e u l ~ ~ t i o n s  are 
. ~ p p l ~ c d  at the eippropri.ite s c ~ l t ,  (1 e Imf) prlor to 
intcgrat~on to t l i r  c'tlropy level In ,~ Ic f l t~on ,  mocft4lt~d 

long tt>rm nlc,~ln C,/C,, (-an be, tt.\tc~i ,tg,tlnst ,111 
iniit~pc~lclt~iit cstlm,ltv from A"( rnt~,isurt~i11~~11ts 

l ~f r l l l ( l / l l 7<y  !fit, 7 ~ ~ l t l l 1 7 /  /ll<lfilt~ of 1'1'1 17 

rile approcicli tor estirnatlng photosvnthrt~c pliotol~ 
flur cienslty iPl'FD in ~ imol  ni ' s  '1 ,it csach Inyer in 
the canopy, and the proportion of toli,ige receiving 

d~fferent quantltlcs of I'PF13 at cat11 layer is dcscribcd 
111 the Appaidlu Hrlefly (1) lncomlng I'Pf i) ivas 
partitiond into cllrect and d~tfr lse  compontLr-its (Frbs 
1.1 rrl, 1982), (2) the seasonal d y n a m ~ c s  of leaf area 
d c ~ ~ s i t y  prof~le  w'ts n~odellt>ci separately for the I' tnt~rlm 
(Kinersoii 1.t 111, 1974, I'atakl et u l ,  1998) and d c c ~ d u o u s  
broadlcaf species, (3) Pl'l'll was cstlmated in t>ach layer 
,3t half-hourlv ~nterv,~ls ,  accountlilg for Jlrect ,tnd 
cilftrise lomponents, using the pc,numbral effect to 
partit~ott the cl~rc,ct compc~nent ~ n t o  !O I~ght  categor~es 
(C,impbc,ll Kr Norrnan, 19c18, Stenberg, 1998), ;rnd (4) the 
proportion of toliagc in e'ich llght c,ttt.gory .runs 
cstirnatc4 (C anipbt~ll & Rlorni,in, 1998, stenberg, 1998) 

In conlft>rctus stand\, penunibral effect5 rtdistrlb~ite 
dlrect Ilght, rnhanctng photosynthesis of the more 
sliadcd f o l ~ ~ j g e  Dur~i ig  periods of high light t111s 
reci~stribution of direct 11ght occur5 without lrnpact on 
the overs,lturatccl sunlit foliage 71ie model calculates 
tlie pn tpo~txx i  of leaf area for wl-uch dirt,ct beam 
r,tciiatlon is obstructt.d by 0, I, , 9 brC1iiches 111 each 
c;lnopv I,~ycr, ' ~ n d  the light intensity i~~clcfcnt on the leaf 
surface In each of the 10 light categories To t11t. light 
~ntensity thu5 wlculated, the amount of d ~ f t u s c  and 
scattc.rc,d light is '~clded, producing half-hourly esti- 
i~i,ltes of total ~ncldent  1'1'1 13 III each c'ttegory In summn- 
ary, thr model expllcltly rt,solves the season,tl ciyna~nics 
of Ic,;tt ,tre<t prottle and ~ t s  effcct ctii the entlre light 
t~nvironmcnt (<3iici thus the canopy-~ntegr~l t td  C,/C,3) 

711t. ult~iitatc~ goal of nsseniblil~g this model is to 
t>stlii-rate 4,,, uridrr C(% liecent fiiid~ngs on I' tn(~rlir 111 

this sit(, sho\\t>cf tli,~t previous-year toliagt, in C O ;  plots 
ha5 75% tile, c,irhoxvlatlon ~ a p ~ ~ c i t v  ot that 111 ( 0; plots 
( l i o g ~ s  Kr t.llsworth, 2002) and current-\it>,tr foilage 11~1s - 90'( t11,it I I ~  ( 0: plots Wc thcictole ,>ccorlr~tt~il tor the 
\ertlc,ll distr~butlon of c~iirc~nt-  and prt,\ 10115 ve~tr  foil- 
~ t g c  bv 'gfit\virig8 tlw canopy Y I ~  relation to thc ~er t l ca l  
pattt'i-11 of ic,,tsoir,il iic~tdlc~ cloi~gation (sre the, Appt,ndix) 

t \ t l l l 7 ~ l ~ l l l ~ ~  / / I t '  ?lL'l 111 r2/ /~l 'O/l/ l '  (I! ~ / 0 1 1 1 1 1 / 1 7 /  ( ~ ~ l r ~ f l { l  t(lllc1' 

We employccf the following 'tpproach to c'st1111;lte 
stomatal conductance 111 Ic<~vcs positioned ,~lortg the 
canopv ( 1 )  I'l'FI> was c,tlcul,lted for e,tch i'ttegory at 
I7,tlf-hourly rntr>rv,~ls a t  e,lch 1avt.r 'lnd conib~ned with 
stomat,tl co~icfuctance-l'ljt D response, fuilc tlon5 of sun- 
tvpt, ~ n c i  shade-type foliage cic>rl.rtd fronl Iraf g ~ s  
crch,.ri~ge incasurc~niciit  (ClliAS-I, 1'1' systt>ms, FII5- 
worth, 10'19, 2000, N,iumbt~rg & F*lls\\orth, 2000) to 



Table I I'nr,lmt~trrs ,inti tht ,~r  dc>finrt~un u5t.J In tilt, 11 l c ) c f t~ I  

I ong  t e r n ~  mcnn ( , / C ,  ha\c.ci o n  O H <  

5rllioucttc' to Icaf .?rc,1 rnho 
C l t rmp~ng tactor 

i1 I)tinslty of ivatcr ,it 4 ( 

h /c.nitli ,tngli. 
I *  C O7 con-tpt7n\at~on p o ~ n t  

t I) I ~glr t  t r a n s m ~ \ s ~ o n  ~ ( x ~ f f i c ~ ~ l i t  for dtrt'ct r n e l ~ ~ f t ~ o n  

7 i 11gIlt tran5mlsslon ctw~ffic ~ t w t  for dltttrsc r,icjtnt~o~i 

T ,  1 ~g l r t  tmtlsmlss~on ctx3ffrcltxnt tor \cattci~t,d racliat~on 

x i> 1 tx,lf ,ib\orptr\itv of 1'1'1 11 

A 5; < harlgc In ‘ ~ t r n o s p h t ~ ~ ~ c  C O7 itorage in f(-trt,\t air volt~mc. 
17 h ,  5 yo h t t ~ n g  para t~ t , t e r<  

A n <  C C I I I O ~ V  net a \ s ~ n i ~ l , i t ~ o n  
At,, I I t~af net , l i s~m~la t ron  

B5 i t ,~nci ing b ~ o m a i s  
c r ran imt i$~o~- ,  c orffic ~ c n  t 

c ,  Atmosphcr~c  C 0, conct~ntr,it~c)~i 
C t  C'arboxvlat~on rff ic~t~ncy 

('L, ,, MCix~muni  I~ght  5atur,1tcci C 1 
c $  \ub\tomatal tnvitv C 0, ioncrntr ,~tron 
I )  M1att>r vapour prc%\ure drfitlt of nrr 
1)lC' I ) ~ i ~ ~ l \ i t d  ~norjidnrc carbon 
IIOC 131i~olved orjianlc carbon 

1 c < anopy t r d n s p ~ r a t r o ~ ~  
t I C anopy trnn\p~r.ltr(m per ""11 lc~at '11cn 

1 ;  Atmo\pher~c  C 0 7  flux 
I [' t orcit f l tx~r CO- cfflux 

f.1 Snnllt fmc tlon of tollage 

Sc 0, I c a t - l c~c l  \ ton~ ,~ ta l  condue tan<<, to C O7 

?<, ,I  C r t t~cal  condrrctancc 
Gl'l' C,ro\\ p r~nldr \  p r ~ d ~ ~ c  t ~ \  ltv 
G C anopy itoniat,ll conelut t,inc(> to \+,ilc'r v~>pc)r 

( I \ (  o2 Canopy \tc)~natal t o n d u r t a n < r  to ( 0, 
S,I, %lornatal contluctanic to C O., for \l~aclt~cl tollagc 

S itornatal contl~~cl , incc to C 0, tor 5unl1t foli,ig(> 

(+n I I<t,fc3~enct, (,., at I kl',l 

( 'L U ~ r ~ ~ c r \ a l  gd\ eon\tant corltbc t t ~ i  tor i ~ ~ t c ~  \ ,lpt>ur 

11, 1)lrt~c t r‘~Cf~at~on 
II,, 111rc~ct r a < i ~ ~ ~ t ~ o n  111 I, i \c- l  I 

I< I ight c o ~ u p e ~ i i a t ~ o ~ i  po111t 
1,' l)~tfttsc> r a d ~ a t ~ ~ i n  
I I ,  1)lltuic r n d ~ a t ~ o n  ~n la\t,r I 

1, , i x t r ~ ~ t c ~ r r c ~ t r ~ ~ ~ l  r‘1cI1‘1t1~)n 
I , ,  I o t ~ l  rnconiing raci~atiein 
I , ,  5c.lttt~rcd rac11;rtion 111 I,>\ cr I 

15 I i g l~ t  \ a tu ra t~on  p011it 
h I ' rohab~l~tv ot Irght c,ltt,gorv (for I' tiriiii~) 

Kt,, 1 tght rx t~nc t io r~  cot4fic1r~11t for ci~rc,ct rn~ i~nt~c in  
I ~ g h t  e x t ~ n c l ~ o n  cot~ff tc~r~nt  for ci1flt15t r ~ l c l ~ a t i o ~ ~  

K I C Icarnc,si 1ndc.x 
I Lcat x c a  ~ n d c x  
I CX 1 at k of clo\tirt, 

csc>f area d c n i ~ t v  

Unit 

llln'('1 n1ol ' 
I I~mt~n\ ron l i~s \  
L)~mr~n\~onl r ss  
I l ~ n i c ~ n s ~ o ~ i l ~ s s  
Illnlt~ll5iollIt~5~ 
g ( ni ground 5 ' 

111nol n~ ' ground 5 ' 
~ in io l  m ' lcaf s ' 
g C rn ' ground '1 ' 
Il~nlcwsionlrss 
j~mol rnol ' 

l ~ r n o l m  '5  

l~ lno l  mol ' 
kl'a 
g C' rn grotrnd a ' 
g C m ground ,I ' 
mmol m ' ground a ' 
ml-nollll leaf% ' 
g C rti 'ground 5 

j~mol nl ' s  ' 

mol m leafs 
m o l m  ' Ivafs ' 
g C rn g r o u n d s  
mmol m -' lcaf 5 ' 
m m o l m  leafs ' 
n ~ o l i n  ' 1caf\ ' 
l l l ( l l  111 ' leaf s ' 
n ~ m o l  m ' Icaf s ' 
0 402  k l ' ~  111 ' K ' kg ' 
jin,ol 111 ' ground i ' 
~ ~ n t o l  111 ' ground ' 
, l l l l O I  I11 ' grot111cj i 
111nc'l In ' grottnd s ' 
liniiii m ' g~)ctnci  5 

pnie)l ni ' grot~rici ' 
~ I I I I L ) ~  111 ' grouncl i ' 



Table 1 (('orltrriut~il) 

I ) t~f l r l l t ' c l r l  

"L'ltrogc'n ~cirrccntr,ltrt1rr 
Nct tsco5\\tcni t x i (  h.ingr 
Nest cc o \ i  \ttm productr\it\ 
Nct prriii,lr\ produ~t~vrtv 
l'hoto\vnthc~trc photon lltrx iltwirtb 
i \ i~totr~phri  rt~ipirattori 
C oiiitructron rrsprrntlon 
I co\v\tt.m rcspiratron 
} I t  tc,rotrc~pk~~c rc,\t~ratt"ni 
Malntctt,intc rc=,piratictn 
Arr ttmpt'ralurc~ 
\t?m tcrnpc\rature 
Maxrrir~~m 1itlbrsC 0 cnpacrtv 
1 caf ,311glt. cirstr~butron 

Uriit 

jinrcll 1nol ' 
g c Ill ' g"""l<l\ ' 
g C rn ' g n ) i ~ r ~ i  .I ' 
g C ni ' grouird ,, ' 
j1r1101 I l l  ) gr,lll'l<l 5 ' 
g ( I l l  ' g"""l,i', 
g C m ' ground 5 ' 
g ( n~ ' g r ~ ~ r r ~ i  5 ' 
g C rn ' g~x~irci  s ' 

conductancr. Sh'lcle-tvpt, foliage was folingt. 
to d ~ r ~ c t  l~glit  lcxss t11,tn 35'; ot tlie tln1tX (2) 
cctnductance was  st a l td  to thr  layer based on 

I. of each folrage type 111 e>acli 1'1'1 1) category, sutnmed 
for all layers, and expressed as the rclat~ve contr~butlon 
of stomata1 conductance In mcli type w ~ t h r n  each laver 
to that of the total c;tnopy (3) licl,it~vc% tonductant r was 
multlpl~ed bv tlie sap-flux-\enled c'tnopy stomnt,ll 
cortductancr (G5), rc>part~tron~ng (;', bctwc.cn tol~~agc 
types among layers 

O.iler the 3 years In \47h~ch A,,( was t.strniated based 
on the 4C-A model, s,lp flux-scaled conductarice was 
ava~lable for 55991 ( I  cb tih'/c recovery) half-hourly 
d a y t ~ m e  values lor I' liic,tliz, ,tnti 28 603 (65% ) tor tht. 
hnrciwooci\ Manv of the mrislng ci'ita ( -  HO'L ) rcprc- 
\cwt condltlon5 In \ . L I I I C ~  (;\ crtlc~ilateC1 from srip-flux 
nrcasurenicntc Incur 1,irgt' t,rrc)r ( I  c 11 <O 6 kPn, b,a\eJ 
on  bwcrs & Chc>n, 2000) 7 h c  rc~m,>lnllig p r o p o r t ~ o l ~  ot 
mlsslng d,>t,t rt.p~t'\twt\ ~n\ t rurnt ,~t t  or powcxr ta~lurt., or 
\+hen hC1rdwoocis arc 13ot In I(,,if 

f ~ f l l l l l i / 1 1 1 ~ ~  1/11, l l l / l l l  111 l l l / ~ ~ l l l i l /  111 ~ ' 1 1 1  r l l i l /  (-0) 
(ollc ~ ~ r i f ~ a t i o ~ i  
The ratlo of C O2 conccritrat~orl In tlic, \torn,ltal c,l\ ~ t \ i  

reldtlve to thc con< <,~itr,t t~on at the, lc,,tf surtatc ( 1  , / (  ,) 
c,>n be moclc~llt~cl 'iftcbr k,itill i,l ill (2000) T 1 1 ~  c , / e  , \%,t\ 

c alcu1,ited \t~pnr,itt~lv tor l'1'L 11 I\ anti 1'1'1 1 )  1', 
where li 1s the light s,itul,l t~oi~ pornt of t he  ~ n c ~ n  lt),it 
~arboxyl~ t t~o l t  e.ff~c~encv ( ( ' I  ), cotlsrdt>r~r~g C'! as the> 
~nitial slopc of the A,,,, 1 ,  curve, liricit~r concl~t~ons of 
P P f  L7>lI, c,/c , was ealcu1,itecl selpar<ttcly for g( o les\ 

than n cr~tlc,>l c o n d u c t , ~ n ~ c ~  Cy,,,,) 2nd for x( o g<, ,~  
\ t ~ n  Critlc,il tonduct,tncc, 1s the conduct'3nce 111 whrch c ,  

reaches suff~c~cntly Ingh v,>luc~\ 50 0A,,,,/i),y(0 + 0 
Tlic c r ~ t ~ c a l  cond~rc t,~ncc, 15 cal( til,tti.ci bawd on Katul 

where r* 1s tlie C 0 2  colnpensatlon p o ~ n t  (not consider- 
Ing m~tochondrial resprrat~on) cal( u1atc.d from the 

A,,,, ( ,  < lrrvt3 rne,~sured Z I I ~  leaf g,ts excliange measure- 
ments (t*llsworth 1999, 2000, I j e r r~ck  & Thom'ti 1999, 
2001), atid c , / c ,  rs the long-term nicwri C , / C ,  ratlo 
obta~ned from 0 ' ' ~  mcasurcrncnts Although tht3 
appro'ach descr~bes the biochemical processes le5s 
real~\ t rc~~lly than models bawd oti Farcluhdr t.1 nl 
(1980), ~t prcstvves the key b~ocliemtcal m e t h a n ~ s n ~ \  
11nkrng I ,  to A,,,, Fnrthermore, tlie nncc>rtn~nty <lcideci 
\vith ~ n c r e a s ~ ~ i g  ~ i u m b e r i  of rnoelel par,~tnt>tcrs can 
~tc~gr~icir ptxrformance wht~i i  comp,>rcd to Ic'lf gcis 
exclra~tgc, mensureme~its (Katul 1.t 1 7 1 ,  2000), a factor 
tli,lt 15 Irkclv to be part~cul~tr ly  troublc\ornt~ In s t u d ~ r \  
d111itd at long-term estimates of g,t\ t,xc ha~rgc, 

I hus, for c o n t i ~ t ~ o n s  In whrch I'l'tl f - 15, or 1'1'1 I)> I,, 

1 hex 1 , / i  , can hc cst~rn,ttt,ci from t111s rt~latron\llrp \vlic~~i 
Ihc /I,,, , c ,  c ur.rrc. 1s approxrnlatc~ly I~nc,~>r tor the. I-angt of 
extc,rn,tl C 0 cone entr,tt~otr Thrs ct)ncl~t~on \ ~ ; f \  \atls- 
i~t lcf  for both sun- ancl sh'rde type folt,igc> ~ n r t ~ ~ t t t d  
rrndc>r 17otli ( 0; arid C O )  in 0111. \ t r a~ i~ i  ( I ~ l l s ~ o r t l i ,  199'1, 
Ilcrrrch 15 Ihomas, 2001) Por cotlcfltlons 111 \trli~ch 

S( (1 s ~ , , ~  (1.1s set to equdl g<,,,, ' i~id 1 ,/1 , 15 

c,\ltulated bLisecl on Etln (3) 
The I "  11-1 bqns (2) and (3 )  I \  i r rn~lar  112 a large ~ a r r c t y  

ot C ?  specie\ and e~lv~ronmc.nt,tl cond~tlons, tlirls, n 
irngle b;lst, v,tlue ni,iy be usecl for both 1' 1111~1111 ancl t11c 
hro,icllc~af 5pcc1cs vcrt~cally throng12 the carlop\ ( W r l s o ~ ~  



c8t (11, 2000) Tht> ba\c valur of I * is corrtbctc~ci for 
tcmpc~r'ltrtre b,tsc.d oil Katril id nl (7000) In contr,>it, 
m,tximum CI (Cf,,,,,) i i  75'1' higher in suil- t h ~ n  in 
\hadc-type folrage, incre'>ic,s r\.rtll 1'1'1 I ) ,  nnci \hc)ws 
season'11 dyn,trn~cs that approxirn,ltcly rt,flccts tht. 
ch,~nging tempt>ra turc 

In e,lch foliage typt, of I' ini'cie~, the I ~ ~ X I I ~ L I I ~ I  

c,trboxyl,tt~on capacity (Vc,,,<,,), rnt~,lirrrecI illil It,af gas 
exchange uncfcr saturating Iigl~t corlciitions, 11;1s ,I 

distinctly large seasonal course, <it,\ iating - 20% abo\ 
and below the arrnu,~l mcun (t.llsworth, 2000) 7 hr, 
seasonal course is just '3% pronounceel i r t  tlle foltage ot 
sorne cieciduous broxilcaf species, with ,t pattrrn 
rt>sembling that of I (Wilson cTt i r l  , 2000) The seasonal 
dynamics In C I  ,,,,, is pr imar~lv cfri\en by the dynainics 
in V(,,,,%,, because boil1 are fttterf to the actlial o r  to tl1c 
temperature and kinetic coeftic~cnt-corrcctecI re l ,~ t~on-  
ship between A,,,, and ( ,  

We ,lpproxlmated the seclsoiial dyn,11mtcs of C1 ,,,,, tor I' 
lrlzlir~ u\ing a sine wa\.e func tion h'lth ininim;t (0 8 of thc 
long-term mean, see the incan i i l  T'lblr 2) in January 71 
and iildxi~na (1 2 of the ntean) in Julv 71, approxim,>tcly 
at  the t i ~ n e  o f  year In w111ch t e i n p ~ r ~ t u r c  minim'l ,tnd 
maxint'x occurrccl during the stuciy (Schafcr cJf a1 , 2002) 
7'11~. CF,,,,,, for tlic, harci\vood spec1r.s after bud break 
was 5r.t to 0 1 of the nlaximuni valut~ obt,>ii~c~cl in Jutlt. 
( 1  lcrrick Rr Tl~om,ts, 2001), incrvasing to the mauimum 
In June and tiecrc,lsing to 0 thcrr,tttcr with the cntirc' 
dyl?,~mics 5et to nllrnic t11,tt of I C l  ,,,,, is cl,scounted to 
,ictrial CI by accounting for thc in( tdent I'l'f I )  I h11\, 
CI was \t,t to /era d t  tht, pliotosvritl i~ti~ Iigl~t 
coinpt~r\s,1tion point ( I c )  of c7,rch spt,cie\ (T'lblt. 2) ,  
incrntsing linc,1rly c z i t l l  1'1'11) r i ~ l t i l  ( ' I  ,,,,,, is i ra thcd 
at the point in which pl~otosvirtl~t~tic rC1tt' was iit~,1rlv 
\atur,xtccl with rr,spt3c t to light ( I < ,  J,~blr, 2) 41iv tilrt1lr.i 
increasc In photo\viltIir~iis \vith 1'1'1 11 ,I', is rtxlatt,ci to 
an incrrase in ,yc 0 writh Iiglit 

Idor the iIiadt~-tvpc folidgr, of thc~ brotlcilt,at spt~crt3s, 
\ \ e  iiseci the Icat- ,~rc~a-~t~rgl~tec1 mt,,>n of the phviiolo- 
g ~ ( a l  pnrQ1n\etcr\ of toul spc1crc>s inc~nsurrd at tlie \it?, 
including the doniinant hroadleaf spt.crtss 1 \tt/tizc 1f71i~z 

(Naurnburg Rr Ellsworth, 2000) Hroadleaf sun-type 
foliage was ,llmost e u i l ~ i ~ ~ \ t ~ l y  1 .fyrirt1/71iel, for ~ . 1 1 i c l 1  

wc used locc~llv rne,liurcd par,ti~ictc,rs ( I  ferric k & 
Thomas, 2001 ) 

/ ) f l r u \  foi ~i11 1 11/rf1111111r/1f7r \t:/r17[ 1j1r~o 
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I'nmnicttr \ ~ilut~s of I 5fynrt rllrril ,>rf pro\rcic\ci hccausr, ~ h i \  
\pr>(lci ~1unirn~1tc~l tlic bro.ldlcnf tompori'nt ;1t the srtt. 
I'nrarnt~tcv\ dt~fi~irtroris anci trnrI\ arcs protrded 111 Tnhlc 1 
( c.ritrc<i \ n l t ~ c , \  rt~prcscnt bolh foliagra tppc,i or both \pccrtL\ 
"I vni ~1rc.a ~ \ c > i v , h I t ~ c i  C i for iotrr ipt>irc% t l i , ~ t  \\t3rt7 mc,iiurcd, 
\('(, tc,ut lor c l t ~ t n r i ~  

3 ( urrt>rit-st3ar iolr,igc 
i I'rts\ 1ou5 vc,ii foiragc 

Iht, t . t f t ~  t ot C 0; on ('f ,,, ,, was ,~cco~ii\tcci for hv '1 

thangt. proportiot~'>l to that obier\,t~cl 111 V ( , , , , ,  bor 
I '  tirc~iiil, '1 rc~cluc tion 1x1 C f ,,,,), fot pi t.1 ious vc~rr toli,~gc 
\\,1i 2 5 ' ~  ( l i o g c ~ s  Kr klls\vortl~, 2002) ,iitd tor currc,nt- 
!cJ,lr tol~agc. u p  to 10': Thi\ c.tfc,ct n,*s capturtd 
tlhlorrg11 CI Iinc3,lr icduction i i i  C l  ,,,,, tor current-ye,tr 
toliagt, ht~g111111ng "t tht. initratiori of i ~ t ~ ~ c i l t ~  c>longdt~on, 
1t%.tchii1g 10'/( wlt'i~ rteedle t~loi tg~~tioi l  of ,111 flushes is 
c oinplt,trd, ancf rtvn~>iniiig ;lt t h ~ s  le\ <$I  rintil the c,nd of 
tht. vt,ar, at \\hie11 point the n o w  prc.\rous vedr foliage 
dcc rtbasc.s lint~'lrlv, rrdc hlng thtl 25'4 ~n, t rk  hv the, tlnic of 
1,uci brt)ak 'lt~ci rtxrnaining at this levrl until st>nesct'nce 
1-or tht. broadle'lt spt>cie\ tllr cffect of C O )  ctn ('E,,,',, 
\ lcls ilot irgi>ific,tnt 1x1 most studit.\ ( I  ferric k & 1 hornas, 
1c)O9, 'Vauntbrirg & I.lls\vorth, 7000), but 11,ls rect~i~tlv 



beer1 illown to ( ,lust, ,tn - 13'1 rt~duc t ~ o n  111 ( t ,,,,, for 
1 ~iyriiti\luil ( I~l lswort l~,  u n p ~ ~ b l i \ l ~ t ~ i )  

1 \firr~irf~i~g crirlopy i 1 ~ 1  a.\inr~li~iioi~ 
The net ass im~la t~on  rate per unit of Icaf surfatt, 
(mmol rn 'leafs ') c,~lcul,ttcd accord~ng to I:ijn ( I  ) In 
cach light catt,gory was sc,tlcd to canopy A,,( using the 
I(-f arca in cac11 cattypry (g n~ ? grountt ' s I )  A,,( 
1\,,1i sun~ined across '111 I~glit  catcgor~cs In c a ~  h canopv 
lavt'r for ?ach species, and was t1it.n t>xprrsied for eclc1i 
s p c t ~ c s  type or for the cntirt, canopy 

M I V ~ ~ I L ~ ~ ~ I J I I ~ ~ ~ ! \  of \iip P I ~ Y  L I ~ Z ~  t ~ t ~ ~ ~ i ~ o ~ i ~ ~ i ~ ~ i ~ t i i l  ~~r>r~ol~li,$ 
5,tp flux (Gran~er, 1987) '1nd ct~\ironmcntal var~ables 
used In calculat~ng anci moticll~ng G, mere mcacured 
cont~nuously In each plot f r o n ~  May 1997 to Ilecemhrr 
2000 Ilt~ta~lecl ~nfornl~ltlon o n  sampling, calculat~ons, 
,>nil n~ctdelling are p rov~dcd  In Schafer ~1 111 (2002, 111 

r ev~ew)  Of spec~al  relevance to thts study, PI'FU was 
measured w ~ t h  a sensor mounted to the central tower 
above the canopy of one plot (Q190, I IC or, I,lncoln, NF:, 
IJSA) Stem temperature (T,,,,, In C )  111 four cardi~lal 
d~rec t~or t s  was measured 112 one tree 'lnd on the north 
itcie of two acld~t~on,ll trees, so11 temperature was 
mcasured at 10-15tm clepth at eat11 plot (M 841/S1, 
\iemens, Ckrmany) <lnd ,>lr tcmperaturc ( I ,  In C ) was 
also measured In each plot at t\vo-thircls of the ht.ig11t of 
the c~lnopy (Va~sala liMP35C or 11M1'45C, Hels~nki, 
F~nnland)  These temperature measurrmrnts were used 
to rs t~rnate  K M  ailcl 1 (' (Mait'r ~1 ill 1998, f3ut11or i7t iil , 
2003) All mcasurenic~nts wcre s,tinplcd t,vt'rv 30 5 and 
30m1n ,tvcr,tges wert. stored 111 n data 1oggt.r (21X oi 
23X, C'ampbrll Scirntif~c, I og'tn, U I, ll5iZ) 

f 5 i i l l l l ~ / i l 1 , ~  / 7 l O ~ l l l i ~ 5  ~JlOlilil i i l l l i  lill~i t ' l ' ~ { ~ i l ~ ~ / l l ~ l 1  (~Jll1{1lJll~'lit~ 
13ased oil previous stucf ics, it dist~mecl that 
allomr.tr~c re la t~onsh~p\  are 11ot affcctcri by clevatr'd 
C OL (Norby c9f 111 , 2001, I),ttal\~ c3t ril  , 1098, 1)t.I uc la 1'1 111 , 
2002), justifying the use 01 the i,1111c> rel,lt~onsll~p un~lcxr 
, tn~b~cwt '2nd t~lcvatt~d C OL < o n d ~ t ~ o ~ i i  We t u r t h t ~  
\erlliecl that allon~ctry 1s not c~llcrelf bv gro!vtli u~lcft'r 
CO; by rrtc.asurtng he~ght  and di,11nctrr ot 1)1111i5 tilt'ilti 
(17 121 under ( C>'; and 102 under C O)) ,  1 ii~rtriii?nil~r~r 
\lynrt iflrro (11 50 and hh), Coriiu5 f lo~  iiiri ( i i  20  ,tnd 12), 
,tnd lll1111r5 i~liita (11 39 and 34) trees, t h t ~  r t ' l c l t ~ o ~ ~ i h ~ p  of 
height ,lnd d~amctc,r at 1 4 m  abo\e  g ro t~nd  dtd not 
cilffer betwccw thc treatments for any spcclr\ (mi111- 
inum l'>0 3)  

f5roacfle~1f ~nd~vic i r~a l s  12-125 rnm in d~atntlter 'tt 1 4 m 
,thovc ground were harvt,sttki 111 1998 dnci 109') in orc1t.r 
to dcvt4op r l l l o ~ ~ ~ c ~ t r ~ c  ~ q ~ i ~ t t ~ o n s  tor t ' s t~m't t i~~g I I 
prcthlc, and above-ground blomasi componc~nts of the, 

PIX'\ .1111ng t7ro~1ctlcaf ~ P C T I C ~  111 thtl s t ' ~ ~ ~ d  I 11t' I ~ ~ I \ . I -  

d1lC11\ \\<,rt' h a r \ t , s t ~ ~ i  111 tht> i t d ~ ~ c i  but outsicfe of the 
t~xfw111nw1t~11 plots The species \tzcrc, l iioiic~iiiiror~ flilijiifi~r~ 
(sc\ t,n i n d ~ \  ~c<r~;tls), A 111/71 i i r r l  ( s t ~ e ~ i ,  Nrtrimburg Kr 
f.lls\\~ortli, 2000), 1 \11/nit1/7irlr (151, C \7otiiiii (lo), and, 
11 iliiiii? 17, i t  h,\ft,r i.1 111, in rev~c,\\~), spc,citxs cctnipriiiiig 
48-C)8'4 ot tht' broadlr,lf bclsaI artxa In the iix t'xpc,rl- 
nit~ntGtl plots tor  I' tric~l'l~, ,tllonictric equatio115 Wt'Je 
n \a~ lab lc  tor tht, \it(, (Yntdu 1.1 ill, 1998, I'atak~ 1.1 111, 
1 'E18) 

For thc hro,lcile;lf spcc~vs, harveit d,tte was t~rncci to 
the pcr~od of full lt,,11 expansion, after stem growth w,ls 
moitly conlplctt.ti, and before leaf senescence After 
crltt~ng ,tt ground I c v ~ l ,  the he~ght ,  base. of (ron711, 
p o s ~ t i o ~ i  of t>'1ch branch along the stew, ,tnd  ti diameter 
were rccorcled Then, the b i o ~ n , ~ s s  was part~tioned rnto 
!t..?f, br,~n<ht>s arid stem components, cfr~rd (wholly for 
indiv~du;tls < 4 5 m m ,  or subs,~mplt.d, 1 wcek, 80 C), 
'2nd \te~ght,ci Spt>ctflc leaf area u7,1s cieterm~~it.d on 
subset of Iraves trom each branch (~nc i~ \ r~dua ls  
< 4 5 m m )  or <,very t h ~ r d  branch (Iargcr ~ n d ~ v ~ d u , l l s )  A 
relat~ort \h~p of snpwood-to-leaf a r m  ratlo di,tniett>r 
at 1 4113 (Schafer o f  111, In rev~ew)  was getierated tor 
each spcues Stancl~ng b ~ o m a s s  of each component was 
rst~mateci from tl~arneter ~neasurcd on all trres In the 
me,tsurt~nicnt plots In November of each year (1998- 
2000), and the, ,~ l lomct r~c  rel ,~t~onships w i t l ~  d ~ a n i e t e ~  
dcr~veci trom biomass harvests The b~oniass  and leaf 
arca of t ~ h  s p t ~ l ~ s  In the study for whic1-1 alloinctr~c 
re la t~on\h~ps  wcre not devt>lopcd at thr  s ~ t c  wcrt, 
t , i t ~ n ~ a t t d  b,tsc,cl on  re la t~onsh~ps  devclopecl for tht. 
s p ~ ~ i i ~ s  1 ~ 1 t h  tht, (losest resc~rnbl~11rct. 

l.or I) Iiit~~lii, tXstlmates of stt.11-1, hranc h,  .tnd root 
b~om,lss \\cLre b ( ~ s ~ ~ c i  (311 N't~dri 1.1 ill (1998), d n ~ i  iltlc~ilt~ 
b~omass  a11d ,1rt,,1 wcrc bast>cl o n  I',lt<~kt 1.1 iil (1'198) I' 
lil~~lii comprlscx ;lt 1c.ast 80'h ot the bas,tl arcs 111 tach 
rntL,~iurt.mcwt }plot 

NI)l) was c,ll~ul,itt~cf '1% t l l r  d i t f t>~c~~ec ,  ctf t~irrc,nt- to 

prc\ lous-vt,al st,tncIi~-tg b ~ o m a s s  ,1ugnit,ntcd \t it11 f~ i tc  
root turno\t,r (Matarnclla 81 5 c  hlt3i~ngc,r, 2000) 10 t111s 
\ralucs I\ c. atlcicd l i t t ~ ~ ~ f ~ ~ l l  of 1' 1111,1111 (f.in/~ 1.1 i i l  , 2001 ), 
r t ~ p ~ ~ ' r t ~ ~ ~ t ~ ~ \ q  need turno\ cr, ,IIILI tilt' c=,t~nia ttld I c v f  
b ~ o ~ n a s s  prodr~ccd hv the bro,t~lleaf spc>c~t~s 

l o  e s t ~ m ~ t t c  m,tintt3n,tnce resp~r,\tio~l of branches and 
stc,ms (Iihl), i t a n d ~ n g  b~onlnss  \v,ts ~ncr t~n lc~~t tcd  rc,flt~t- 
llrg 1111. 5tt.m gro~vth  dyn,311iic\ (Orcn ('1 ill, 2001), '11id 
I < ,  I\ as est~m,t t td  bC1ied o11 tllc b~om,tis,  stem 
tcmpcTiatur(~ anti 111t1ogt.n concentr,ttion   it^, T ~ b l c  2) 
aitrr M,t~cr 1.1 ill (1908) 21id Ma1t.r (2001) M a ~ n t t ~ n ~ t ~ r c e  
rcspir,~tio~l of co'trsr roots was calcul,ttcd based ~ I I  so11 
tr,nlpcr,lturrD, nitrctgt3r~ cot~tent,  ~ n d  root b~onlds\  (Maler, 
i ~ n p u b l ~ \ h t d  r~,sults) Ma~ntc,n,tr~cc resp~rdtion of to11 
, I ~ C > ,  (,t lculatt~l only ovcr 111ght-time h o ~ ~ i i ,  ~ ~ ~ 1 s  
t~5t1n-tattd u s ~ t ~ g  air tc~~nperaturcr .1i 11 p r o ~ y  of leaf 



tcn?pt>r,>turt>, assunxng tllc canopy 1s wcll c o ~ ~ p l t d  
(I'l~lll~ps 1-I ill lr)07), bascci on rclatlonshlps cic\c~Iollcrl 
on s ~ t c  under r.acl1 C O2 tre'1tment for I' liic>iiii anci 
1 5fyirzc rllrln, the 1attt.r bclng used '15 a surrog~3tt. tor ,311 
other broadleaf spcr tcs ( I  I,lmtlton 1.1 111 , 2001) 1-inc. root 
rr>sp1r,1t1or\ was takrn f r o n ~  prt~vlouilv pt~blish,~rl \~, t lut~\  
of Mat,)rn,tla & Sihlc>s~nger (2000) 

C o n s t r ~ ~ c t ~ o n  ~ t , s p ~ r a t ~ o n  was calculated for c,tc11 
organ st~par~ltcly Thc con5tructlon cost of stcms and 
br,lnches of all species 1s s11n11ar (W~~llscl i l t~gr~r  c.1 171, 
1997, klantllto~i PI  ill, 2002), and 1s 11ot rltft>~ttl~l by 

atmospl~erlc C 0 2  concentratlo11 (Carey (,I ill, 1996) 
Tht~s ,  the co11structlon cost for the st^ organs u, is  take11 
as 1 50g glucose g dry wetght of constructed t~ssut,  
(Carey c.1 111 1996) (ons t ruc t~on  resplratlctn of coarie 
root5 was cstlmated using 1 4 7 g  gluco5t~g I drv 
wright (Ma~t>r( 1111pt1bl15lit~if rc'slllts), r 1 5 s ~ ~ m ~ ~ i g  1 1 0  

ci ~ffcrence ~1mong spec ltXs , ~ n d  COz tre,~tr-i~cnts rile 
con5tructlon cost ot I' fnc~iliz needles was estlmateci 
uslng 1 35g  g l t ~ c o ~ g  dry w e ~ g h t  for both ( O2 
treatments (Griffin cf a1 , 1990, 1996, t l am~l ton  rt 0 1 ,  
2001) I lowever, there 1s evldence that c o ~ l s t r u c t ~ o ~ l  
resplratlon tor the harciwood le'1vt.5 Intreascd uncltr 
C O g r o r n  1 41 g glucoseg I dry ~veight  under CO; to 
1 46g glncosc'g ' dry we~gll t  for 1e;lves produced 
under ('(1; (Wullschlt~gt~r 1.1 ul , 1997) 

Unlcss otherwlsc st'tted, data were, analyscd b,lWci on 
palrcd /-test (11 '3) wlth plot p ~ r e d  accord~ng to sap- 
wood arer> p<,r unrt of ground area (Sc11,tfer 1.1 111 , 2002) 

Results 

The i , / c ,  as  tul1ctlon of varying Pl'F17 ,1lo1lcx or 
togc~thcr wtth X( 15 shown for sun- and sh,1dc-tvpr 
folt'lge of the two main species (1.1g lc,d), a lo~ig  
wlth t l~clr  gi ( F I ~  I,l,b) ,~rrd e5tlntatrd le,~t Ic\ rl A,,, , 
(Fig lc,,f) The, J(  A model reproductd the. c'wpt.ctcci 
p,lttern of responses of ( , / l a  ancl A,,,, to l ~ g l ~ t ,  ,\nit ,t 
~iurnbcr of nrld~tio~ral re\porl\es to ,y\, 17, .t~tcf (-1 ( d a t , ~  
not s l ~ o w n )  The c , ~ t i o p ~ - l e \ ~ e l  4C A rnodel rcprociucc~i 
the, t,xpec tcd c o r ~ t ~ s p o n c i ~ n g  patterns In A,,( i1'1g l g , l ~ )  
As 5ho.iz.n tor 19c)'), the, model produced \patlo- 
tt.rnpora1 llght p,~ttt,r~r (1-.1g 2b) that capturecl both the 
civn<lrn~c\ In 1 ( h g  22) and In Incomllig lrglit, 
~~tf luenced by thr. sun angle and clou~is, alnd esprc lallv 
by the t~plic~rnt~r,~l pattern ot the bro,ldleaf fol~age (f.~g 2a) 
The season,il ,inti . i t ~ t ~ c , t l  patterns 111 A,,( ( I - ~ g  2c) 
reflect the clyndm~cs In IncoInlng Ilght and L, anci tht1 
effect of CO; 15 ci~scern~ble (Falg 2d) I1,lv-to-day 
~ ' ~ r i a t ~ c t n s  In 11ght tiuc to clouds are clrarlv reflected 
In the \~ertlcal pattern of A,,, The vrrt~cdl p a t t c ~ n  of A,,( 
sliows tht, rel,1t1vt> lrttle c o n t r ~ b u t ~ o n  of the bro~lclIc~,11 

fig. I Modcllcd rc5pon5C.5 of >to~natal cond~ictance (,y5, a and 

h), ratlo of lc,~f ~ntc.in,ti to c\tt,rn,~l ,itrno5phe~rlc CO, concentr,l 
tlon iC,/C,, r ~ n d  ri) ,  I c w f  n r t  a5ilm1lat1on (A,,,,, c and t), niid 
canopy net ds,lmliation (A,,< g # ~ r i r j  11) \ i  11g11t iI'l'F11) for !lie 
tnnopv doni~n,tnt \pc(1~5 I' t n r ~ ~ i i l  (.I (, ci, .lnd g) ,ind thc moit 
,ibiintlmit t-rroarllcaf \ptsrlc>s I ~tyriri1\7111r it? d f ,  anel 11) at  l l i ~  

I h h c  I orcst 51tr' 

sp rc~ t>s  to thc total ~ ' l n o p v  ~ ~ l i o t o s y ~ ~ t l ~ c ~ s r s ,  and thc h ~ g h  
c o ~ l t ~ ~ b u t ~ o ~ l  of 1' 11ie~li1, t ~ ~ p t ~ c ~ ~ ~ l l v  ciurlng the pcrioci In 
wh1c11 the sun ~11gle 1s \tt,cpest 

1 he  ccosvstem nc.1 ,tss1rn11,1tlon t 'st~m~lte was f ~ ~ \ t  
ev;lluated uncier alttb~cnt co1ldlt1on5 bv compnrlng ~t 
tvlth ( 1 )  w ~ t h  ciavt~mc, net cxcosystem exchange ( k ; ' )  
1nc.asured 71112 t ~ l d y  co\larlali(e o\'er the tmtirt ca110py of 
an ambtent plot, augn~elrtcd w ~ t h  d'lytl~ne forest floor 
C 0 2  flux (F:') and ,lbove-ground construct~on anti 
ma~lttenance r e s p ~ r a t ~ o n  (lib, <>nd lic ), w1tl1 cor~strur tl011 
rt>splr '~t~on '1sstrrnt.d to bt, one 11alf thc. ci,11ly ei t~mdtc,  
,>net w ~ t h  the changr~ In C ' 0 2  itor,lgc, In the forest alr 
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rig. 2 Ilntly \rnlue\ for irii)9 of v c r t ~ ~ , r l  ci~itr~butloii 111 the' (a1i01)~ tor (a) 111carl lcnf r\rc3.i I I ~ ~ P Y  ( 1  ), (h) ~ ~ i t ~ . g r a t t d  11gllt (I) l ' l l l ) ,  (0 
111trgr;rtc~i c,rnopv nct a\ \~ri i i la t~on (A,,, ) , 3 \ r r , l g ~ ~ i  tor niilblc~l\t &'lot\ (( (I:), .lii~i (ti) ~tlti~gratc~ci 4,,( n\cragc,d for ?ltwatcd plot\ (((7,) 

v o l u ~ n e  (115; ) (1 1.1 N I  2000), (2)N111) t>stlrn<ltci, cli.rrvt~ci lic~l~,lblc ~.stirn,>tcs of 11t.t t>co\ystenl cxth<tngr (2411, 
frorn nllometr~c rrlntlonsliips augn~entc>cf \zlth whole N t  1 ) \ \ere  ,l\,trl,~blr for 7 7  of the rnorlth5 trom Augrist 
plant m,>~~lten,lnce (Rhl) and construction rt~splr,ttion 1997 to 1 ) c ~  c,mbt>l 2000 (f'rg ? < 3 )  For the sanie perlod we 

(lit), and (3)1nst,lnt,1neous mtasurrliit~lits o t  A,,,, at thc <ho\zs tht. sc>a\olt;tl dyit~l~mlcs of thc c5t1matcd v'llues o t  
upper third of the c'tnopy oiir I t ~ f  gas ~>\'11~1igt> I<,, <lrtti I<(, A,, , ,  corntllllcd for bro,tcilc,\f 'lnd I' l i ~ t ~ i i n  

rnensurc,ments i~rtcler both C 0; zlrld C o', ,>nci 1 :' ( t  ~g ?b c') We nt,te that the p r r ~ o d  in whrch /I,,( 
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Ju,? Del Juri [ ) e ~  Jui, Dtxc Jun Or, 
rgyi issn 1499 2x10 

1 ~ g .  3 Mot-ithlv tlc~xc\ throughout tiit, \t11~1\ pc>riod ot ('1) nt.1 
t ~ c ~ \ y \ t c ~ r ~ ~  tLx<h.iiigc (E,, open clrclc5) arid iict cco\vsttsm 
c,x~h,tngc for <la\ tlriic only ( 1  , ,,,,, opcii tri,rnglc=,) tor ,tnihicnt 
C Ol only, (hi nlaintcnatr~c, rc1\plmtlon ( l i h l )  \ilriiin~ti tor \voo~Iv 
coxnpoiicnt5 roc+,, I(~a1rc5, and  t i t ~ ~ i l t ~  (0 ton5truc txon rc*ipira 
tion ( K c )  iun-ili-icxJ for \to,odv c1iri1pt,nc~11t5 root5 lc~a\tx\ ,iilii 
ncsrxtilc\, (ti) lorc,\t floor ( 0 ,  i,fflux ( l : ' ) ,  , ~ n ~ i  (t*) < . ~ n ~ i p v  nct 
'i\\lxnll,~ttoii (/I,,< ) undtlr arnhlent (opts11 ivmbol\) ,incl clc\atcti 
(ftllc.ii \\ nih111s) L onclitioii\ Wllcrt. ftllrti \\ rnlx,l\ ,Ire% not \VOII  

ttiry ,lie, o h ~ t ~ u c t c d  hv opcn \vtnhol\ 

15 h ~ g l r r \ t  o t t i 1 1 ~ 1  2 117011tli\ 1x ' for~  1 rt,nche\ it\ 

rn,txirnum I'ttc 111 tlic \ ? a w n  (I'liillip\ (ir Orc.11, 3001), 

; ~ n d  rtl\ult 111 th'rt rnd~ri tei l , rnct~ a n d  ( o ~ t \ t r u i t i o n  r t y i  

ratlo11 r c a c h ~ t i g  t11c.11 h ~ g h c s t  . r , ~ l u c s  x\h~lc. 15 '11 
rc,,xlv c i e c r t , l \ ~ ~ r g  ( 1  1g 3b,t ,111~1 c) Thtl nro.it i ~ o t i t t ~ ~ i l ~ l ~ ~  

pdttt.rii\ arc, t h c  rclat lvc Invarlanrc, ot thr, , tnnu<rl  cotir5c 

of ,111 rc~sptmt ion  cornpo~>t ,n t s ,  Lliitl t h c  plop,rc3\st\t, 

iiicrt'dw 111 t h c  mnxt lnurn  montlr lv \lalutl ot A,,, t i u r ~ n g  

t h e  e x p r ~ t x t ' n t ,  rcflc.~ t ing  rno5tlv tht, I I ~ (  rt,,rit, In 1 
We tc,stc~i t l i r  4( -A m o d e l  \k11l bv t o m p a r ~ r l g  A,,, 

<1ga11i\t the, balat icc of fluxc\ m e , t \ ~ t r t ~ t i  o r  calcu1,tted icir 

t h e  site 1 h e  m o n t h l y  e\tirnate,\ of A,,, fir,irb 1iight.r tli'tn 

t h e  s r ~ l n  o f  t h e  cont r rbu t ing  flux cornponcrtts (big -2'1) 

Model led  A,,( \itmrntbcl for  c , \ th m o n t h  sliowc~ci a (Ic'tr 

~ x ) \ i t ~ v e  txa\ ,  averaging a b o u t  I?'$ h ~ g h e r  th ' r l~ thc  

c c i n t r i b u t ~ ~ t g  i o r - t l p o n ~ ~ t i t \  111 t h e  3 ye'lri w ~ t h  \ t ~ f f ~ c i t ~ ~ t t  

ci'ita, w ~ t h  t h e  w o r \ t  a i~ i i r ta l  agrtkt,mcnt of 29'4 111 10Oc), 

D u e  F s t  
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0 P taeda 2000 
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v tnta! stand 2000, 

I ~ g .  4 ('1) Monthly flux tomp.trl\oli of nc.t canopv ,l\\ln-i~l;ttr~in 
( I,,( ) \J\ tilt' 5 L J l I l  111 c ~ > I l t ~ t ~ ~ l ~ ~ ~ l l ~  ~ l ) I ? l ~ > O 1 l ~ J l ~ \  tltlrl~lg t ~ ~ b t l ~ l l t '  

nct t,coi\\tt>xn cLxc Iiangt, ( I ;  ) lorc,\t floor C O L  c * f f l t i w  ( I  :') 

ii-iaititcnaiitc rc~\pirntioti of \ \ o o i l ~  broma\i during ii;i\timc 
( I< , , )  cctn\tructi~~ti rt=.plr.ttlon ( R ,  ), ,111d tli,~nl;c, In C 0 >  \to~ajit> 11-i 

tl-ir forcxst air \ol t~int% ( A s ; )  ih) C iirrip,iri\on of A,,( \ \  jin)is 
prixii~lr) pioelt~t t ~ o n  (iiut I I X  lt~dtti); c l ~ \  tiiiiv Imf rc~\p11~it1011) 01-i 

aii ,>x?t-it1~11 h i \ t k  for llJLlll <ltici 2000 tor ~iiiir\~citt'd plot5 for tl-ic, I1 
tiiigiir t~)ti-ipoi-ic~i~t thr htoa~ilc~it  c.inopF c~~mp,)nc,nt, 'ind for tlic 
tcttnh~ncd <,>iropv I hc 1 1 llr-ic3 15 nl50 i l i o i ~ n  for rt,fr~t~iict, 130th 
( o n i ~ ) ~ i r ~ \ o n \  rnacir ~nibrcnt  ( f  ), 

a n d  ,I be\t o t  4'4 111 2000 (11g 4'1) LVe t w ~ l u , r t c ~ i  t h c  

eiftv t of u r i c e r t a i n t ~  in  t h e  Ica\t w t ~ l l - q u , ~ n t ~ f ~ e d  par,>- 

meter5  of the, 4C-A m o d c l ,  t h e  m e a n  a n n u a l  v a l u e  o f  
rnaxlrnunr l ight  s ~ t t t r a t c d  CI ,,,,,, a n d  t h e  I ~ g h t  le\lels a t  

J Y ~ I C I I  CI,,,,, 15 5tlt t o  / t3ro o r  to t h e  m,>xl rnum,  by 
cl langrng 11 ~ J I  ,~mc'tc>i + 10% ( hat tg lng  tht. r n t v n  

a m r u a l  Cf ,,,,, t 10'4 tau5t.s ,i tortc . \poncfi~rg charigt. o t  



Table 3 ( omponrwt\ ctf the. annual carbon bnlclncc% (In g C n1 ''1 ' 1  iricluding net prlinarv pr t )c i t~~t i \  itv rc\plratlon, and o\t~n~,ttc,i 
Lor trlnopv pl10to\vi1tl1~'51\ froill tht, 1 C 11 13iod~I (/I,,( ) l ~ ~ t ~ i  fro111 tlic ~ L I I N  0 1  <013ipoi1ciit\ ((11'11) liol~i t ~ p e '  1 1 1 ~ i i t ~ ~ t ~ ~ \  d ~ f f ~ i ~ i i c ~ \  
\ ~ g ~ i ~ f i c r n ~ t  at l ' i 0  09 

1) tot-110 
lotnl 
lotal li( 
lotal Nl'l',, i 

(;/'I' 

,,< 
I /I,,c GI1/' 
1 > 0, 1' 

ir fnrtiiclot~d\ 
Iotnl R K 4 '  
Fotal I<< 
Total NI'I', 
(71'1) 
A,,, 

I AI3' (;l'l' 

Total Rhl* 
Iotnl I<( 
lotal NI'I'i 
NtI'  1'16 
N t  I' 116 
Nl I 
c, 1'1) 
4,,t 
I A,,, (,/'I, 
I - 0  1' 

I I1t. <iai,i ' I I~ .  pro\ icicd sc~pamtcllv for I'rriii\ iilt~iil ,lrici tor thc brcwtilc,a1 5pc.c it3\ ,ind \tiln:nt (1 to t 1 1 c ~  i t a i ~ i  rl hc,t ccosy\tr>m 
c~xcli,tnqt~ (Nt I )  15 glvcn for the, stand u n ~ i c ~ r  ( C): on11 
'Augrnt~nte~ci with hnc, root rtx\piratlon (M,1t,11nal,1 K. k Ille\rngcr, 2000) 
iAtignlc.~>ic~d with hnt, root inirenlt,i\t (Mnt,~m,lla K. % h l < ~ ~ r r g e r ,  2000) 
j A t ~ g ~ ~ i ~ n t v c l  wrth littcr fall ti,~t,t ( 1  1 1 ~ 1  t t  01 2001) 
+NI 1'1 ba\c,<l 011 tlrix iompontwt5 (h'l'l' I<,,) ,111ci W l  I' I I  b,~itsci o n  ( pool\, i < , c s  t c v k t  t t l r  t i<x t , r i l \  

- 4 5'~ 111 A,,( ( t i 2 0 g  m ,i ' )  Int rt>,tsing ,lnd 
clt5crt~a5ing thcx l ight  le\,el a t  \I hich C t  ,,,,, 0 c ' l u s t ~ l  ,I 

6'4 and + 1 % t 11ange In A,,( , rc.5pec ti\ c,lv, ~ v l i ~ l e  
these  c h a n g e s  111 t h e  llght levc~1 , ~ t  whicl i  Ct  ,,,,, re;lcht,s 
its iliaxlrnurn v, t lue c, t~15cd a 0% c t ~ i d  + 3'/1 c l i~ l l ige  111 

A,,, Thns, t h e  likely e r r o r s  In p,trarnctt,r v, i luc~s u s e d  111 

t h e  4C A modt.1 r u n 5  w o u l d  n o t  rc>cltlce /I,,, inff iclcntly 
to n1,ttch the w t ~ r n , t t e \  b,tseil oli tile s u m  of fluv 
c o n i p o ~ i m i t s  (1.1g 4a) 

O n  ,111 a n n u a l  ba51s, A,,( untic7r C 0 1  b,ll,tnccd w r l l  
w ~ t h  t h e  s u m  of NI'I', I<( and I<,, 0 e ( ; I 7 / ) ,  not  Inc111il11lg 
d a ~ t ~ n ~ t ,  Ic',tf rc , sp l ra t~on)  tor  bo th  I' ti1c.rlu a n d  t h e  
hro;ldlt.af 5pc>cics, a n ~ l  for  thcrr  s u m  ( f  ~g 4h,  l a b l c  3) 

A\txr,>gc~cl tor  the. 2 ~ t > , l r s ,  'I,,( 111 C 0.; \tr,ts 3% nlortl t h a n  
(;I)/) L51ng ioiist;tnt i ,/i , for  eac t1 fo l lagr  t y p e  (after  
h o r m , t n  1082) but  k t s e p ~ n g  t h e  t o n d t ~ c t n n c c ~  '15 in t h e  

A moilcl  1c,s~1ltc'c1 111 - 2 0 %  h ~ g h e r  A,,( t h a n  th,tt 
t , \ t~rnatc~ii  t t r th  3C 11, \ t l u l c  '1 b~g-lt,nf c a l c u l a t ~ o n  w ~ t ' n  
n o  v t ~ t i t , l l  p,lttc,rn 111 q, anrf '3 c o n s t a n t  C, /C,  resultccl 111 

- 16': 1o~tc.r  / I , ( ,  '311 ii11iii.rt.stin1ntio11 founcl In o t h e r  
s111gle-I,3yt.r nloclt.ls (I)t,I'urv Rr Fart]h,tr, 19'17, 1.ai i7t ( 1 1 ,  
2000, FI it>rlci, 2001 ) r l ius,  t h e  c o r n p l e x ~ t y  aiidecl b y  
ilslng ,1 n r l ~ l t ~ l a ~ t ~ r t ~ c i  mociel \ v r t t ~  v ~ r ~ a b l c  c,/c,, , tnd 
y ( 0  lic,cc55,tr\ to  ,ttt,iin t lo5~11t '  ot t h e  C balance  
undt l r  ( 0: condrtloii5, ,>ntl tlic goocl , tg~cemc'nt  
b c ~ t \ c c ~ c . ~ ~  .I,,, , tnd (,1'11 ( f  rg 317) s u g g e s t s  that  t h e  
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I ig. 5 ( ornl-rarl\on of cncclniblc rnenri cnnopv nc,t ,l\ilm~latton 
(A,,, ,) for thc il},pc>r c 'lnopy tlirni (corrccponcilng to rno\tly wr-il~t 
i c 3 a x o i )  ~ v ~ t l l  rn~cidny nicacurel1ilcnts of A,,,, (,in i c x , r f  ga\ cxc hangtx 
r~ic'n\urcmt~rrt\ (ihonrr .i\ trrarigIc3~) for n walm (luli) ,t l icl  n colti 
( J n n u a r ~ )  1nont1-i In 19c)1) (11 7 trez3trntwt plotc h,lr\ ic,prcw*nt 1 

\tandnrd error) I l i v  rncct \lio\bc are uppt>r c,lnopy rnldti,ly 
rnoci?lic5~i / I , , , ,  vc lnlcidnv A,,,, ilic~ncurc3<i iJln ]?,it KJ'. ~ ' ~ 1 1 i d r 1 q c '  

rnr,r\rtrtXmcntc lor both rnontli\ i \ r t l >  tlic 1 1 Ilnc for rc*tc>rc*~~ic 

c s t i m , ~ t ~  based 011 t h ~  sum of flwx coinponcnts 15 '1 

11ttlt. 1OvJ 

As ,t fl i ldl  Lc5st of our mu1 tila yt,rt>ci rnoiltxl, \ \ $ ( I  

contparcd A,, , ,  c~stimatt~s of sun foli,tgc ~n tile upper 
1' tiic~ie canopy WI ti1 gas exc hangt, mrasu rcd iuicict~y 
va1ut.s (L.lls\vorth, 2000) The cli~~rrt;tl A,,,, pattcm 111 tile 
upper one-third of the canopy obtairteci th1oug11 a 
ntoiitl-tly ensemble average of estimates from ttlr 4C-/-\ 
model is sho.iv11 along w ~ t h  the leaf gas rxchangc 
measurtd v,llucs for a 1n1dsummt.r 'tnci a ~ni~i~vi i i t ' r  
rr~ontll, wltlr f,j\ourable anii unfavourable conditions 
for ~7llotosyi1tlit~sis, rt~spcctivt~ly ( h g  5) This r3i~al\isis 
wa5 rcpeatt~d throughout the year tor cvc,rv inoilttl in 

~ulri( 11 1t.af g'xs t,xc 11'2 ilgr mc~asurc~rnents wwt. ,~v,~il,tl)lt>, 
showing ,t good ngrt.t~n1t'nt bct~vc,cn t I1r 4C -iI niid Ic3af 
g'1s exxch,ti-tgt> vallies (inset ~n Fig 5 e.1~11 datum 
rcprt>sents a different rnortth), the few p o ~ n t s  tle'xrlv 
'ibove unitv rcflect a h i g l t t ~  stomata1 conduct,lnce 
c~1lculatt~ci for the ~ 1 1 o l e  canopy rc,l'ltlvt, to that 
rnc>asurcd with 1t.af g ~ s  c~xchai~ge measurcrnc~nts on a 
s~na l l  sect1011 of f ~ i c i t  lci  In (1.1~ 5), we  also show the 
only tvst av,>ilable of tllc modt,l pcrforn\ance under 
C O(?, c i e m o ~ ~ \ t r a t ~ n g  that the rnoclel is able, to reproduce 
d ~ r  ec t rntS~ls~ir cmrrt ts of A,,,,, under C 0; Schafer cf 171 
(2002) obser\.rcf that thc elevatect C 0 2  did not ,xffrct 
t~anspir,ltlon ,lt t h r  st,>nd Usii-tg thcir transpiratioit 
data and the 3C-A tx\tirnclte of A,,c, stand lcvt.1 water 
use efficiency w,ls 3 7 g  C' kg' I I , O  under CO; and 7 Og 
C kg' HZ<> under C 0 2 ,  s~ini lar  to leaf-level \~n lu t~s  for 
tht> 1' lili'~if1 '11 Chis strlilci (l:ilswrorth, 19Y9) 

Tile seasonal p'ittcrn ot inonthly A,,,, ,xnd associatcii 
K c ,  R M  'lnd f y  under CO; is chown 111 (Fig 3b-e) The 
pattelrrl is siniilar, although not identtcal to that under 
C'O';, but with greater amplitude A,,, on a monthly 
haw ui-tder CO; was  111\carly correlated with that rlndei 
CO;, for both I-' tric>iia (slope 134)  and the broatllc,xf 
ipecie5 (slept' 1 h7), and fox the c>ntire c~1nopy (slope 
1 41, mintmum r2 O 98, I'.: 0 0001) 

The effc~ct of C 0; on ~iiodellecl A,,c (expre5sed ,I\ A,,< 
~111der ('0; dividecl by that u n d r r  CO') ~ u ~ s  5ltghtly 
gre'3ter for 1' ti~c'iiiz 111 2000 than in 1999, with the 
oppositr occurring tor the broxileaf species I fowever, 
the ditfcrence betncxtw \ie,xrs was not significant 
(I) , .  0 '35) ,111ci the rt.sponst> in both y t w s  was avcragctl 
tor prcsc~nt,ttiort (kig 0) Modt,llecf A,,' w'ts 34'4 Itigher 
111 CO; plots 111 1' liit,iii~ 2nd h7'A h ~ g h e r  in broadle,ll 
species th,tn ~n C 01 plots t st^ ~i)t'itill i ' / f ( ' ~ f ,  Irg h)  

ievrial  f,tctors c ~ l n  contribute to the t~nh~tn tc i~ ien t  of 
modcllt~ci A,,, h'~sc,J on the 4C iI i~iodei  ( I  ) c.levated 
,~trnosphc,r~c C O2 coitct~i1li,~tio11, (2) effect of C O :  on 
storn,xt,ll coiicluc taiice, ('3) cxtfcc t o t  C 0; on Cl  ,,,',,, ~ l n d  
(4) rtfc,t t o t  ( Ol, on 1 ,~n i i ,  111 the, Iluke 1-orest t*AC 1 - ,  
pretre,ttnlc'iit cirfft~r~~nccs In 1 <,\en though plot5 wfrc 
pared  prior to the onset ot cnrichmt~nt to inin~mizt~cf 
dittcrrnc cs The contrihut~on of each f,tctor to the 
overall t>tfctt w,l\ e\aluntcci by running thc 11ioclt.l 
with only oi~c, factor , ~ t  ~t time reprc>senting the 
~oilditioi\s o i  the plots undt,r C O ;  Our  results show 
that the potcnti.11 e n h ~ ~ n c c m t ~ n t  solely due  to C 0 5  15 - 55'4 for both species types (Fig h)  blighrr P lizc~tli~ 
s t o m a t ~ l  coniluctanct' cirir to incrc~sed water a\,,lil- 
ability I r l  LO: plots conld potentially Increase A,,< 
unc1c.r otllr~rwi\c ( 0: c o i ~ c l i t ~ o ~ i ~  by 5'4 I lie i>roddlcnf 
spt.clc>s showed a r t ~ i ~ i c t i o i ~  ot ?'A ~n /I,,, ci~ic' to 
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f ~ g .  6 i f f c k t  of different component5 on cnriopv nt>t a \ i~n i i l a  

tion (A, , , )  for P tnrrin (a) and the, broatllt~af 1~1nt)pv (h)  a i  a ', 
changc of ctfect amblent condttioni ( ~ t ,  text) t i r \ t  a 
comparl\on was made betwven ( ~ I ~ ' i ~ a t t ~ c 1  and nrnhicmt plot\ 
\I ~ t h  thc niodr.1 pararnt~ttrized bc\t to rt,prcitmt tlat I1 5c.t ot plot\ 
(o\~crall 19ffcct ) Thc%n, co~nponc~nt\ wore ,>ltCrt~d in omblrnt 
plot\ to r(xprCwnt ~ j i f f t~r~r i~ t~ i  in ,i slnglc pararnt~tcv o r  '3 

combination of pnrarnctc,r.i, ~ 1 i t 1 1  i.lt.\ntcti ( 0 ,  plot\ Ihcs 

rr>iulting modrl run5 a1tc.rt.d tht, ( 0) toncc~ntr~ltion 1t5c  I t  
(< 0;) c,lnopv itornatal ~ondrlc tantc. (0;) Ic,ai art2a i n t l c , ~  ( I  ' ) 
t , trbo~~l,~tion cffitierrtv ( C  F L )  niici  .i tornhi~i,rti~~i~ t)t  ail but 1 '  

stoni,it,il r tyxtnsc to C(1; 1 caf ,irt3,1 rndex d ~ d  not 
rt3spctrid to C O )  111 t h ~ s  expcrtnit~nt, tllus us~rig I from 
CO'; plots to es t~matc  A,,( unelrr otlrt3r\v~sc (0: 
concl1t1o1l5 rt'flccts rnostlv d~fft,rt>ntcs In 1n1t1<>1 conclr- 
t ~ o n s  111 ~ ~ h l c h  1 of 1' I~I(>IIN ' i~111 ,  s l ~ g l ~ t l v  lo\\t'r 1111clt~ 
C 0; ,inel that of the broacilc>,it \\,as ~lrglitlv h ~ g h c ~ r  1.01 

both spt3clt>s the potenttal cliangt, In !I,,( d u c  to the 
~nhr r t~ t i t  ~ n ~ t t a l  d~fference 111 1 wcls not s t g n ~ f ~ c ~ l n t  
(1' > 0 291, but ~nfluenced the, o\~c~r,ill effect Ilctwn- 
rty,ulation ot Ct,,,, by cl~ffe~rtlnt nc~t~clle ,1ge cl.~ssc,s 
reduccd !I,,( of P t12c.diz by 14'L ,ind that of the broadleat 
spec~t's by 4'i  Thus, we est~mated A,,( t,xt lus~\c,  of 
~nliercnt, prctrcatnient d~ftcrcnces 'iniong plots by 
uslng the v,llucs of I found for ci~ftcrc>nt s p e t ~ e s  111 tiit' 
CO; plot5 w ~ t h  all other factors ,is In tht, C 0; plots 1 lie 
cst~m,~tc~cl ('02 effect 111 t l i~s  tort.51 1s anci 47'/, for I' 

licc~irr and the broad It,,if i p t ~  ~ c s ,  rcsptxc tl\lc,lv, o r  3 1 'A for 
tht, t,nt~rc> canopy 

t3'lst~ci on  p a ~ r t d  I-tt,st coniparlsons of Nl'l' and  
r c s p ~ r a t ~ o n  r>stirnatt,s bc~t\vct~n trc'at1nent5, only I<( a n d  

NI'P for I' t r i c ~ i ~ i r  and  tlic~ ctitlri. stand In 1999 sho~vcd  a 
\ ~ g ~ u h ( , ~ n t  d~fft.renct. bet\% ecv t~eatmcnts  ( L~ble  3) iVt3 
al7er,lgr the components of the ,iutotropIi~r C b,tl,ince~ 
tor tht, two ve'lrs (sho\vn In Tclbltx 3) and present t h t ~ ~ i  
togt,thtv- w ~ t h  tlir, , ~ d d ~ t ~ o n , i I  eco5ysteni C halance 
componc,nts to t,~c~llt,ite a conlparlson betwe~c~ii tre'tt- 
nicnts (T,lble 3) Tlie rnajor co~nponents  of the auto- 
t roph~c  arid wiiolc~ t3cosystrni C balance (taken from 
Fable 4) are prrsentcd In Pig 7 We also ccllculateci 
cc r ta~n  r'lt~os ~ r n o n g s t  C' balance component5 (Table 5) 
to cctniparc under ambient c o n d ~ t ~ o n s  w ~ t l t  commonly 
publ~slit~ri r,ittos, r l~ ld  ~incler elevated C 0 2  condtt~ons 
iv~tli ratios ~ v a ~ l n h l c  from st~icfres usrrig different 
approat hes ,it t h ~ s  stte 

Monthly est1matt.s of A,,( were rel'1tcd to stand lcvcl 
tr~irtsp~rntlon ( I  , St liafcr r.1 (11 2002) A,,( was I~nearly 
relattd to i( under both CCY; and ('0) ( r n ~ n ~ n i u r n  
1' 0 87, 1 ' 1  0 0001 ) h ~ t h o u t  observable drfferences 
among years ( m ~ n ~ r n u r n  I' 0 141, and ~ 1 1 t h  50% h ~ g h e r  
water use effic~ency under CC>i (1-'<0 0001) This 
enlianccment In water u5e effic~ency IS greater than 
the 13% cnlculated based on GI'l'due to the 20'X lack o f  
closure 111 the C b,il~inct~ undcr CO;, as  opposed to the 
closure obt,>tnc.d under C CY; (Table 4, Elg 7) 

Discussion 

I l u r ~ n g  tht, t h ~ r d  ,inel fourth Year5 of t h ~ s  c.xper~mcnt, 
the upt,ike ot C 0 2  by the pl,int c,lnopy ~ i n d e r  ('0; wa5 
i ~ g n ~ f ~ c ; t n t l y  grcvtc~r (1010g C m ''1 ' or 41 V enhance- 
ntent) thin undc,r ( 0; ( F ~ g s  2 ‘inti 3, Table 3) The 
,tdd~t~on,il  C th,it wns asslni11,ited ~1ncft.r C 01 was 
,\llocatc,cl to trc,t' g ~ o w t h  (2.138 C n i  ' A  ' dur111g the 
1990 ,ind 2000 growlng sc-asons) '3ncl r e s p ~ r ~ ~ t l o n  ( 1  29 g 
C ni ',I ' )  Most of thc rtJm,itnlng cvtra C 1s unac- 
counted for hy the ~nc.ast~red or modellcd fluxes c t f  C 111 

th15 stliciy (Table 4, 1 ~g 7) I h e  1,tck of <losurc> in our C 
buJjit>ts unclvr C C I )  15 111 sh,irp contrast to the nt,<ir- 
compltbtc closure undcxr ( 0; Tli~s, couplt~d \\ ~t l t  the, 

obstxrvat1ct11 th<it ~nodellcd g'is c~xchc~nge~ agret'cl w ~ t h  
rne,>surclci lc~,if-lt~\ c.1 v'tlucs tyually urclll ~ i ~ i d t , r  both C O2 
c o n d ~ t ~ o n s  (k ~g 51, suggcxsts tl1,lt oncx or more, C bucigt't 
c oniponents 15 unclcrcstini,-rtt.J fol iow~ng f ~ x ~ i t ~ o r r  i~ncler 
CO; In \ t h ~ t  tollo\vs, \ttx analysc and d ~ s c u s s  t l i t l  pools 
, ~ n d  f1r1xt.s that mdy account for t h ~ s  ' n t ~ s s ~ n g '  C 

1.st11natlng C 0. ~ ~ p t d k e  11s11ig proct~ss-b,tsc~cl ('bottom- 
iip') or c , n ~ p ~ r ~ c a l  ('top-clo~vn') a~pxt ' ich(>s 11.1s Llc~c'n a11 



Table 4 I'lant a n d  c,co\y<ttm compcmt3nt\ In g C ni ' a  ' 
a\ t'rngc~i for 1'1'19 and 2000 
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2 .1 

'IIIC 15 not con\l~ic~rrd IIIC was lhg C m ' unilvr C 0: 
.\nd 22g C m ' a  ' u11dc.r CO;, \ub\trlpt g nrlcl I 111 thc 
t i o ~ i / t ~ ~ t i  I< , ,  ~ornpt~nt~nt  rt.ft.15 to C 0, lo\\t ' \  In g,i\ and  Iiq~t~d 
torin rc\prct~\ t . 1 ~  

L ~ c t l \ t l  ftcld of tescarch for more tlt,>n four ciec~dcs 
(I lunc,~n 1.1 111, 1967, Montt7tth, 1977, sce Jarvls et 0 1 ,  
1985) f5alat1cing the C budget to ;tccount tor /I,,, by 
~ndepe i~e le i~ t  rne,~sr~rt~rnents of biomass prodnctlon altd 
c,\tltnatt,s of rr5piration of individual branches, trees, 
and canopies b~i t lds  conftdeiice in the sktlls of inocleii 
to t,stimatc, A,,( ,ind rt~spir~ltion r h e w  5kllls ,lrt, 
esptclallv ~rnport~tnt  when productlvlty might not be 
accur,>tely meas~trt>ci, ;ts is often the case in below- 
ground int~,~surrtnc~nts, and is rsttrnatcd as  the restiilial 
of the ( b,~lance betwetm A,,( and the sun1 of 
resptratioii and a b o ~ e - g r o u n d  product~vity (Schubt, 
t.1 111, 1977, Matyssck &I Schuite, 1988, Oren & Lininier- 
in~rtin, 1989, 1 ~ t w  (,t N /  , 2000) IZrcently, C balances have 
hcrn cross-~~rltciated by compartng modt.lled A,,< witlt 
eco5ystetn scale C 0 2  fluxes nieasurecl -cvitIt eddy 
covariance, or w ~ t l i  hJl'P  rid plant respirat~on (Wofsy 

rt i l l ,  1993, Balciocchi 1.1 rrl 1996, Arneth t ~ t  i71 1998, 
Granier c 7 f  u l  2000, l a1 1.1 ri.1 2002) When modelleci 
fluxes of C are In s~ntul tanrous agreement with 
~ndcpendentlv medsured fluxes of C from both plant 
; ~ n d  ecosyitem pools, it 1s possible to conclude that the 
mocielled e\tirnati> of A,,( has a high degree o f  accuracy 
Wt. are aware of only a tew 5tudies tliat have util~zcd 
such an approatl> ( e g  (;ranic.r 1.f n l ,  2000, Law et u l ,  
2000) 

In tltis strtdy, monthly A,,' uncier CO; was htgher 
( -  10'1) than t~stiin,ltt~d based on t.itdy covariance 
measurenie~its (f'lg 431, but very similar to (within 
'3% of) the annual GI'I' estimate based on growth and 
rt,spirdtton ( h g  4b) The ci~screpancy with the estimate 
based on  t d d y  cov,\rlancc is witl-un the sp'ltial 
variab~litv 111 fluxc.5 rne,~surtd over this static1 (Katul 
I)/  n l  , 1000) 7 lie 'iC -A estimate of A,,( under CO; is 
t\vl(c t1i;tt  txstirn,>tc~l t\itli MAFSTIiA ( L u o  i7t n l  , 2001) 
'xnd one,-third Itight~r tltari that estini'tted with a light 
respoitsc ~ u r \ ~ t ,  ,lnd ;t constrained sourct.-optiniiz,ttiott 
moeic.1 theit neglt~c ts 'lbove-ground dayttmt, respiratioii 
(C'(70, I d i  tJt  ii/ 2002, T,>blt 6 )  Orir estimate of GPI' in 
Iclc)cl and 2000 is - 100 g rn ',> ' gre'xtcr and smallcr, 
rcs\pcctl\clv, than the cstim'tte of GI'P prt~si~ntc.ci by 
Il,iniiltoit 1'1 111 (2002) for tht. I098 calenctar ytvr rhc, 
d~ttcrtvict, bcst.i\cei~ our s t n ~ i v  ,titcl that of I lamilton 1.1 111 
(2002) rt4t.cts rnet11odologlc;II d~fferences (e  g 1 l'imil- 
ton i7t 111 (2002) inilucie c1'1yttiiic~ photoresptration, 
which is not included in our  mociel), ancf ct~-inual 
\ arr,ltion in growing c ondttlons superimposed on the 
dynamics of this r a p ~ d l y  aggracling forest ecosystem 

In addi t~on  to worktrig 'it the 5tand level, 
conip,irtd the modclled rstirnates of A,,c with NPI' 
plus ,tutotropli~c cc-tnstruction and tnaintenaiice lesptra- 
t1on ( GI1/') for I' f i ~ t , d r ~  and the broadleaf 5pecies 
s c p a ~ , ~ t r l v  A\t>ragc.ci 0xt.r I')% and 2000, tht. A,,( of the 
bro,idle,>t t otnponent \%as 20'"11gIirr than tliat p r twn-  



Fig. 7 ('ompoiicnts of the iorc>it t.1ihoi1 h.tl,~ncc~ -11 c,r<lgcti for 1'109 '~nti 2000 C ortlponc'nts iclcntlflrd In ellrp\old boxc5 arc, for thr cntire 
rco\y\tcni, In \quai-<% arc for I ) I I I I ~ ~  t l i i i l i z  (tcrin5 0 1 1  tlte I ~ f t  h a ~ i ~ i  5111~) ,  ancl 111 ~ i r ~ l t * \  arc tor thr broadleaf canopy (tcrn-rs oft tlie r~ght 
hand 5itIc) 5houn nrc ~~t i lopv iict n5iinl1lntiolt, ( I , , , ,  nvt prlniarv protii~(tiv~tv, NPI', con5tructron rt->p~ratloit, K c ,  con1bint.d with 
niaintcnante re\plrcltion, I<,, arid thc ainount of C O, efflux from thc, foreit floor cltt~ibutt,~l to ,rutotroplr~c ancl hetcrotropli~c rtssp~rcttron, 
K ,  .tncf R t I ,  reipctt~cclv Thc  la( h of c 10it11c in tht, autotrophr~ <arbo~i b.tIancc~ 15 \hewn a5 '?' 

tcd 111 I lamilton r t  '11 (2002) ( 1 . 1 ~  7) 111 contr'tst, there 
w,ts \ ery strong agrreine~l t  bctwt~cn s t t i d ~ f s  in (;OI1 tor 
thc I' ta(~ili3 compoi-trnt of this c ~ o s y s t t ~ m  (Tdhlr '3) 

We cvdluatecf our  C h a l , ~ n t e  t~ildi,r ,tmbit>nt coi1ii1- 
tions hy co~npar lng  coinrnonly c,tltul,ttcd ratios be 
t\tSecn bal,tnce toinponrr1ts (T,tl>lt> 5) 1zr1t11 publ~sllc~d 
v,tlues Our  NI-'lJ/GI'I' r'ttio w,ts sl~glitly 1owt.r ( T;>hle 4) 
tl-i,tn a gr~nt.r,tl ratlo est~rn;ttt,ri toi ,I I,lrgt> numht'r of 
starlcis (047) by 1 anci5bt.rg & War~rlg (1907) O u r  K A /  
(,I1/' ratio ( 1 Nl-'I'/(~I)I', s11n11~tr to I? ) 15 \\,ithi11 
tht. r,tnge calculnteci based on tht, amoriilt of st,tndlng 
brornass or tree height (li\,tn t,t ill, IL)YI, Maktxl,~ & 
V,tlcnt~nc, 2001, Tclbltl 51, h1ghc.r t11,tn thc 0 12 t>st~ni,ttt~cj 
fur 199'1 by 1 a1 1.1 ill (2002) arid 1oi.vc.r than tht. 0 7 
eit1111,ttc~cf for 1998 by tl , trn~lton 111 (2002) Notably, 
11,111~1lton ct ill (2002) ~nt lucfe  c ,s t~~~i , l tcs  of d a \  time 
fo11,tgc. respiration in t l ~ t ~ i r  cstimatc \%-bile t a r  1.t 171 
(2002) neglt>cted daytimt, ; ~ b o e - g r ~ i  rcsp~ratloit 

The ~:'/NI'I' ratio w ~ l s  l o ~ t ~ c r  111 t h ~ s  s tudy th'tn the 
'gloh,tl' avcr,lge w t ~ o  of 1 24 (li'tich & ' 7c  Illt.singt,r 1092) 
2nd the 1 6 5  estim,ttcd 111 '1 yoting I'iiili\ \~oiliii~io\~i 1 

s t ~ n c l  ( I  'lw c ~ t  nl , 1900) It is likely that o u r  stand 1s at 
diftrrt>nt st,tge ot  devt.Ioprnent 111 wllich inltch of the 
assim~latc~cl C' is invrstrcl In slow turnover woody 
biomass i t ~ h t r , ~ c t l n g  R, (both constr~rction <inti inaiI1- 
ttsnnncc) of loots from total 1:' (Table a), w e  t>st~matcci 
tlr,tt - 3 8 ' ~  (307gC nl 'a I )  of t h ~ s  flux \\,I\ d u e  to 
I~~tcrotrophrc  rc . \p~i , l t~o~l  Thi5 proportlolt 1s in dgrrc- 
memt ~11th value~s obta~neci wrth similar methoelology 
In \iinil,\r staiid5 (Maier & Kre5s 2000), but lower than 
t l - i t s  IS'A th,it \\'I\ c,stlrnatcd by Andrcws 6.1 (11 (1909) In 
tl-it. plot5 unclcr ( 0; tislng ~ s o t o k x ~  mlxlng r,>tios I his 
111,tv rcflcc t I O L Y C ~  r,ttes of r h ~ ~ o d e p o s r t ~ o n  ~ i i ~ ~ l r r  CO; 
( lahlc  -1) l i l i  e s t~matcd  by ilc3m~lton t a f  01 (2002) '1s the 
d~ffcrcynt e brtwc,en t? 'tnd I<,, was 22% of I :' ( T,tblc, 61, 

,tllo~cing only 2 10 g C' in <a ' on a \  crzlgc, to ba1,trtt e C 
turilover 111 the forest floor-so11 subsystem - slgrl~fi- 
c,tntly lower th,tii the e s t ~ i n ~ t t e  111 tllis s tudy Assuming, 
a \  a lower boundary, that the fore5t floor C 15 at 5teady 
s t ~ t e  ui1dt.r CO;, tht, s u m  of C In (1) littcrfall (I-~nri 1.t ol 
2001, 2002), (2) the turnover of fine roots (Matam'tla & 
Scl~lc~siiigc~, 2000), (3)  di5solved in organic forms 111 

I 200'3 131'1c h u  t s l l  1'1it~l1s1111~g I t c i ,  (;/oh11 CIr011yt I{IO/O,~I/, 9 1 Z78- 1400 



Table 5 lint~os of rcTiplration c oniponcwts (aut<>troph~c K ,, 
hctcrotropli~c /il ion\trutllori 12, , ni,l~i>t(~~inritc~ I < ,  anti \i)11 

CC), c>ffliix 1 :') undcr amblt9nt (C 0:) and r4cvatc.d (C 0:) 
,itnio\plier~c C 0, con~t~ntratton\ 1k1lh grois prlnidrb p r o ~ i t ~ r -  

~ t v  ((,IJ/') and modc~llc~ci canopv net ,\\\lrnrl,it~on (A,,( ) I{olti 
tkpt. ~ndtc,>tt>\ ~i~ffcrtwctss stgnrllrnl>t ,>t 1': O 000 
-- -- -- - -- - - - 

liatio C 0; ( 0: I' ~alrrc. 

0 03 

I< , /L l~ l l  0 58 (0 012) 0 55 (0 000) 0 05 

0 554) hi)* 

0 5 7 4  59 
I<, /A7>< 0 10 (0 004) 0 09 (0  004) 0 01 
I<< /Ll)IJ o 10 (0  004) 0 10 (0 007) 0 22 
/<M/A,,( 0 48 (0 028) 0 16 (0 021) 0 03 
l<v/GI'I~ 0 48 (0 0 16) 0 3 1 (0 0 12) 0.07 
~ < I I / P ?  0 78 (0 090) 0 57 (0 050) 0 1 1  

f :'/lVl)fJ 1 07 (0 ot70) 1 76 (0 084) 0 01 

iirl \ \ a \  calculated a\ the difference hc t~c t .~ i  1:' and root 
rc\p~rat~on (con\truct~on and m,nntt,rianrc.) Ai l  r,ltlo\ arc, 
'ivcragec, for 1909 and 2000 
Mrvn of 2 years and thrcc plot5 and 1 5t,lniiard cwor trom the, 

mean in parenthew5 
"Ba5cci o n  Makela & Valcnt~nc~ (2001) 
C,enerated after tqua t~on  I<,, /(;/'I' 0 6191 ( 1 I ~ ' ~ ~ " ' ~ " '  ) 

dcrlvcrt from Rya11 i7f 171 (1994) 

p r e a p ~ t ~ t u x ~  (DOC), (4) a11d dcpletcci from the  rnlneral 
\oil (1 43-1 31 YP over  3 years, s c ~  Schlc>stnger & 1 ~cli tcr,  
2001) ~ u o u l d  release 3 5 7 g C  m 'a ' (cf Table 4) TI115 
C release aecoiint\ for 88% of o u r  t,stlnt,ttc of l i l i ,  
Ica\ 111g 115 with tlie need to account tor - 50 g ln 'a  ' 
I<lthtt>r (,I rrl (1999) estlmateci tli'lt root exutlatlon In 
young I' fric~di~ s tands  15 - 5 0 g  m ''3 ' ,tllJ can 
,~ccoulit for the rrmalli lng flux of C' from the, top  of 
tlw torcst floor ( ' ral~le 7, 3,  Fig, 7) 

In w inmary ,  tlie budget  for C 111 au to t roph~c  m d  
\iliolc-eco\y5tein corrtponent5 is h'ilanctd r~lrtl<v ( (>; 
I h e  pools ;tnd fluxes of thc. n ~ c , t \ ~ i r t d  (onipollents arc, 
rc,,~son,ible In ,>b5olute trrrns, r t~ l , t t l \~>  to (,'>el1 otlicl, and  
,>re, s11111lar to values publ lsh<d 111 the Iltrr,?turcl f3,ls(>il 
on  tlils, w e  appl~ccf the 5,tmc~ sct of ,lnaly\c>s to the 
h,tl,>nccs of In the forexst plots uncicr C 0: 

As\c~\\iiic~r~t oj  C hillnrlc 11riilc.r cd1,oirf~ii C'( 1, 

Apply l l~g  the 4C -A nioclel to C ()l contiltlons prociur ed 
an  cwhanccntent of A,,( by 41% rclatlvt, to th'tt uncicr 
CO;  ( J  35'L ancl h7'h 5tlmulatlon for tilt. I' fiit~ili~ anci 
bro,tdlts,tf compo~~t .n t s ,  rc5pcctivrlv, Ialg h )  rIi1s tm- 
11,tncentent 1s recl~iced to 70'h wl l e~r  \\ e f<tc  tor out the, 
pre t r ~ ~ l t n i e n t  J ~ f f e r e r ~ c ~ .  111 lrat  arca 1nclt.x (1 ) bc~t~vven 
the  plots uncier C 0; ,>nd C 0; 130th cnh,~nct~rnt~l t t  r,>tlos 
,>re sllnll,tr to that rnodt~llcd for the, 1'108 c'tlelldar yt.ar 

(33'4 ) bv 1 [to (.I iil (2001) The  4C'-A modt.1 cstlm,lttd ,311 
(>nhanctvn<~nt of 55'4 In A,,( d u e  to elc\r ,~t~cl CO:, ,inti 111 

,~cii i l t lol~ <I 5'4 t ~ r l h ; \ n c t ~ n t ~ n t  d t ie  to IncreastB 111 (;, of 1' 
frrl>ilrr ( t  1); h )  ( ,tliopy \torn,it,tl c on t l~ lc  tance o f  1' tczc~ilir 
Incrtw5t.ci \ \ ~ t l i  Incre,lslng \xrc>ter , ~ v n i l a b ~ l ~ t y  r1ndt.r ('0; 
(kh , l t e r  CI i l l ,  2002, 111 rtlvlcw) Iht, model al5o 
estlm,tte4 ~t tlcclrnc~ of ? ' I  111 A,,, c i i ~ c  to ,I clt~crt',t\e In 
(;, of t l r c x  l~roacile~af spc~ lc>s ,  and  14% d u e  to a 

progrc,sslvc, r l c ~ c l ~ n t ~  rn CI ,,,,,, mo\tly In prtwtous- vear 
follage of I' ti?i~llr (liogers & I+ll5wortli, 2002) th,?t 
asslmllatt~s 70'4 ot  ,tnnu,tl A,,( (1'1g 6) In absolute 
term%, the vnI1,tnccnicnt In A,,( ,~ttrlbut,tble to the effect 
ot  CO; w,ts 967 g C' m ",I ' f h l s  value 1s lower than 
the 1010 g ( rn ? a  ' v,tlue (Fig 71, reflecting tl-tt, c,ffcct 
of prtxtre'~tnient d1tfcrcnct.s in 1 (Fig 0) 

I b ~ i c d  on productlon anti resplratlon - rt7as 
only cnlial~ct~cl b y  13% ur-tdtr CO2 l-111s enhancernt,nt 1s 
lower than the 18'6 tliat w a s  cstlm,ttt,d for the  I998 
calc.niinr year ( I  l a m ~ l t o n  ('1 ml 2002), and 1t.ss than h,~lf 
th,>t esttil.rntt~c1 for A,( by t h r  4C'-A model Tlic 
cnlr ,~ncenicr~t 111 C,1)1' 1s attrtl>utable to '1 23'h lncredic 
II I  Vl'l', a slight rcductlon ove r  th'tt ob5ervecl In the 
sccond yc,ar of ( 0: e n r ~ c h m e n t  (2h1/;, [)el LICI J  1.1 a1 , 
1909, f iamtlton ('1 111, 2002) Averaging ncros5 years, 
I-' frrotfir wood productlon w a \  cnh'tnced by  29'Z  under 
C O ?  ancl bro,tdltuf \voocl production hv ?1'% (Table '3) 
1111s rcwltccl In a 2c)'L e n h ~ t n c e m t ~ n t  of (' storagt. in 
'~1oociy blolmas,, ,t nlocirr~ltc~ly long-term storage pool of 
C I'hr other component  of (;/'I1, autotrophlc rcsplratlon 
(I<,), w,ts t>nhantrd  b y  13'Xr t1ndt.r C 0 > ,  In contrast to 
I larn1ltct11 c.1  ril (2002) ~ v l i o  rt.ported ~t 6'4 dt,cllnc In th15 
flux 1 ltcalr rctlu< tlorr 111 I<,\ w a s  i lne  to ,> cietren\e In thtx 
ratc of root iihf undc r  C ()3 Fst lm,~tes  of spcc111c 
r rspl ra t lo l~  r,ltcs ol)talriecl t r  on1 euclst>if and  ]nt,tct roots 
,>re sul>lc>ct to n ~ c t h o l i o l o g l c ~ ~ l  a ~ t ~ f d c t  (Clinton & \?else, 
lcl0O, McI>o\veIl ( 1  111, l~lc19, b l a t ~ ~ n ~ ~ ~ l ~ t  & ' x l ~ l c ~ s ~ ~ ~ g c ~ r ,  
2000) Phc r cd r~ t  tlon In iihr rcpor t td  b j  I I,tlnllton 1.t 111 
(2002) col~t las is  ~171th tht. Illcrc,t\t, rcpol t c d  hy Mat<tm,ll,l 
X 'X l~lt-,lilgc~r (2000) te l l  tl11s 1/1C I , ~ n d  oil w h l < h  wtb 
t>,istlci o u r  ~alcul,rt1or1s 

111 col\tr,i\t to tht. s ~ r n ~ l a r l t v  111 1:' under  COj,  \kc, 
t,\tlln,1tt,d rriuc 11 I>~gllc,r 1 :' t ~ n d c ~ ~  C Oj t11,tn (lid I i,>lnrl to11 
1.1 (11 (2002) ,tt 007 ,~ncl 2381: C m ' 1  ', rt,spt,r tlkclv 1 Ire 
r (  34 i t~nhar1cc~rr1t,11t u n c l ~ . ~  C 0; 1s 1% t.11 \v~ th ln  the, Iatlgc ot 
rc,portccl \ aIuc.5 trom tilt, prototjp( '  FAC I plot d t  this sltt, 
(AncIrt~\r5 (,I ill, lc~clO) I t  1s ,tlso slmllar to th,tt found for 
I' ~ X I I I L ~ O I O ~ L I  ~ i n d ( > r  C 0; (Johnsoli c,f ril , 1994) /'it the, I)ukC 
t.ort,st lACl  site,, t l ~ c  C O ?  t~nl ldncc~nent  In medn anl1t1'1l 
rnldcf,>y 1 :' 1ncrt.,t5eci troln 2.1'; In 1097 to 47'4 i l l  1998 
(i \nifrc~\\~s 1.1 111, 190el), suggc'5tlng that 1:' w,ts 5ttll 
rcspontitng to tiit, \tt'p 111c rcasr 111 atmo5phr1 l t  C O L  
c o n i m r r i ~ l n g  in ,\ugli\t lLIe)11 

111 th15 >tutly, K colntllbutt~cl 691 g C n1 ''1 ' to 1:' 
undc%r ( 01 ,  It,,t\ I I I ~  970 g, C 111 '1 ' for I<, (1;tblc 1) 



Table 6 < omp,lrl\oit of iSst~m,~tc\ of d~ffc,rcnt contponc~nt5 of C h'tia~~cr 

M ~ 5 s  17alnnce cnlculat~ons - as5umlng th;lt the efflux of 
C from tlic forest floor 15 tn n 5hort-Lcrm steady state - 
l~nplv  tht. add~t lon  of C to the so11 from an 111irnt~asurecl 
source The d,lta pre5c.ntc.d In Sclilestnger Pr L~chtcr 
(2001) sugge5t that ttie pool of C In the fore5t floor and 
niint>r,~l so11 horl/on\ under CCY; 1% Int rt,;lslng by HOg 
C m ' a  The co1npct11t.rit5 that turn o\ t,r ;tnnu,~lly - 
Litho\le-grou~td I~ttcrfall, root ~nort,lltty, and IIOC 
co~~t r rhu tc  ~31-r adcjltlonai 404g C 11-1 ' a  ' to the forwt 
floor ( IBble 4) Thus, tlie d~f fe rcn i r  hc.twec,n K I I  plu5 the 
~ncremcnt of C In so11 pool5 (1010g C m 'a ' )  nnci 

(Liblc i) rcflchct5 thc~ ,tllotnt~on of C to rhirociepos~t~on 
and substynent mrtabol~srn by thr  r n ~ t r o b ~ a l  cornrnu 
n ~ t y  (T,thlc 4) The rc,ln,llnlng ( (700 600 94 g 
C m '<i I) 1s ?'A of A,,, Th15 rc~ni,>~nder nlny be 
rxpl,i~ncd by rne,lsurc~mt~nt c,rror i I l t r r ~ l ~ t t ~ \ ~ c l y ,  ~t mnv 
rcxflt,c t ,111 ~ n c r e ~ ~ s e  111 tlic dllocat~on of C to tine root , tn~i  
niycorr l~~/al  procirlct~on In rt>\pon\t. to Incrt'dslng, 
n ~ ~ t l l e n t  ilrn~t,tt~on rtndcr C.0; (Norhv I,( 0 1 ,  Ic102, /<lh 
1 t I , 2000, 1 I I I , 2 0 0 ,  O r  1 I 2001, C'onst,iblc~ 
191  171 , 200 I ) 

~ n p u t s  Z ~ I I I  turnover con~ponc>nts (404 g C 111 ' ~3 ' )  1 ffC( !', (I! ( ' / t ' ~ ~ i ? i ~ ' l f  C'( 1 ,  ( 1 7 1  ~ l ~ ~ ~ l ~ t ~ ~ ! ~ i l ! l O l l  
1rnpllc.s a 5ource for C o f  600 g C rn 'a ' (F.1): 7) Th~s  
(1uant1ty 15 111 very close, agreement u ~ t h  the 700g I lam~lton 1.1 i r l  (2002) cst~mated tliat NfI' In 1998 
C rn ''1 ' of A,,, pred~cted by the 4C-A model and not (mea\urccl a5 tlw citffrrence betwccn NI'I' and w ~ s  
accounted for by the rst1111,jtc of Gl'I' from NI'I' and I< , 1owc.r tiniler C O ;  than ~tncier C'O?, and we  forlncl the 
under CO; Rh17odeposttlon can accoul~t tor 20'h of nt,t same patttbrn 111 t h ~ s  5tudv for 1'199 a n d  2000 (Table5 7 
C O2 d5s1niilat1011, most of wl~lch 1s ~ r n m e i i ~ ~ ~ t c l y  ,\nd 4, Nf I' la) I h t ~  03 g C n1 ' a  ' rnocirllcci by A,,( , 
resp~rcd by rn~crobt.s (Mcrbach c.1 111, 1999) Thu5, the hut un,>rcounttd tor by the con~ponerit C b,ll,lnce 
h1ght.r 1<1j/1:' o b t a ~ n ~ d  under C O> than under C 0; mt~tltocl ilnclt'r C O'?, m,iy rcprescnt an un~ltxrcst~mate of 



year 

Fig. 8 (a) Net prrniary pro~it~rtlvitv (N1'1') for the ftr5t 5 vc.ar5 
of C ' 0 2  fumigation rn the 1)ukc I-ACF c,xperrrircnt slnct. 
cr)mmencement tn 1996 Data from 1996 and 1V07 art, taken 
from DeL.ucia cf nl (1999) and in 1998 fronl ilamilton i.! (11 (2002) 
5caleci to the plot5 111 thi \  \tutiv (we II~~cu\\ion) CO: dcirott~\ 
clevatcci and COG dcr~otr.; ,~rnbrciit LO, condition\ (b) Eirhantc 
ment ratio of NP1' under < 0 5  rcl,~tivr, to that i1ndt.r (0: 5rncr 
coInmfncement o t  fumigatron rn IOOh I hr tcxnlporal and \pattnl 
~ari,~tion In the rcs\pon5e to < O: w1t111n tach plot patr 15 \hewn 

tor 1999 and 2000 (grey \vrnt~ols, dttfcrrnt iv~nbol tvpci 
rcprc<eiit d i f f t ~ n t  plot\) 

NI'P of approxlmatcly 7% i'icici~lig thts yuaiitlty to NI'I' 
would not make Nt P la uiidcr C 0; l i~gl i rr  than under 
C C)" 70 mlnlmize error, we .tl50 cxstln1att.d N l  I' bcistd 
on two ,tdd~tional methotis Ntl '  Ib th'tt r e l ~ ~ d  o n  
c,stimatc$ of lietcrotropli~~ respiration from thaiiges in 
C pools, but w ~ s  othtlrwi5c c < i i i  ulatt~ii ds NF P la (5c.c. 

Table 41, and NI I-' I 1  iciliul,tteci ,is thc~ d~ffcrc.nct, 
between C pool5 at tlic end ctt \u<ct,ss~vt> v t ~ l s  (T;lblcs 
3 and 4, N t  I-' 11) floth ,~ppro ,~chcs  c,stimatcif va1uc.s ot 
Nl I-' that \tc,re ~ i iu t l i  ilo\t,r to N t  2 uiiticr CO;, 
provld~ng us with conl~dtwcc 111 our t~st~rnate  1-urtlier 
morv, N t l '  calculated b,rsid on both ~1pprx)ach~s tvas - 270g C ni ',I ' l i lgl~t~r  unclc~r C 0; Tli~s acld~tlor i~l  C 
15 part~troneci ~ n t o  the follo~vrng pools 235 g C rn I 

are sequestcreci In woody broniass ,~nci 3hg C ni ' 1  
' 

are 5cqucstcrc.d In so115 I hc  rc~inc)lndt>r of tlic tlxtr,t C 
taken LIP by pliotosynthes~s is used in f'tst turnover 
poc>Is (e  g loot exudates) at tlic, forest floor-5011 
5nbsystem 

Wc note t l i ' t t  not all enh , t~ ic t~ l -n~~i t s  111 C cycle 
components were 5lgn1ticantlv I-tlghc~r uncfer C ()12 t ' i t l i~r 
tor I' tnc,iir?, tlic broadlv,lt componc>nt, or the st'inci ;I\ a 

\vliolt~ Vu'ctt,-lblv, thc>rc was  a largt, vnri,~tlon 111 tolnpo- 
rit~nt tluxcs In 2000, leadtlig to few it~lt~stlcally 
51gti1t1ca1it difft.rence5 between treatments ( lahle  3) 
I h r  rtxa50i-t tor the Inertme In v,lrlnt~on 1s clear when 
r ~ ~ t l u a t t n g  IVI'I' (Table 3, Fig 8) During the first 2 years 
of C O2 tutnlgatlon, there wa5 a llnear iricrr,~>c~ in the 
r,ttt7 of NI'I' undei C O j ,  r r l ~ t i v e  to CO; (Fig Hb) 
1 !owe\ er, 111 1'IC)9 mid 2000, the ratro rern~tned 
rt>l,tti\c'ly constant Whlle the vartatlon 111 AII'P under 
(0'; 1s rt~latlvt~ly small, the \arrCrtlon rintfer COS 
~ncrr>asrci tliro~igli t ~ m e  (note the s v e  o f  the 5tandard 
cwor bars 111 IGg Ha) The varlabllitv ~ncre~~sec l  becar~se 
of mcrt.aslng dltferences in C 0 2  response of NI'P 
<lrnong the plot p a r s ,  including n dra5ttc Incrcaw In 
thc t~nli,~ricemer~t ratio of NI'P for o n e  pair from 1999 to 
2000 and ;I ilecrease for another ( k g  8b) Although 
specul;ttlve, the drastlc decrease In ant, o f  the palrs in 
tl-tt, f o ~ ~ r t h  full year of rnr~chnient  rcscmbles t1i;it 
observed 'it t h t~  FACi* prototype whcre the decrease 
\vds shown to reflect ,I d e c l ~ n e  111 nutrlent avallabll~ty 
(Oren 1.1 111 , 2001 ) 

Conclusion 

A conibincttion of methods has demonstrated that tlie 
concentration of atmospheric COz prcdlcted for 2060 
may Incrcase the rate o f  C seque~trdtlon In woody 
hlomass and co~l  These pools rt>prt,sent niocierate- to 
long-term storage. of C In the terrcstr~al b~ospliere 
i 1ouve\ t,r, tlie v a r ~ ~ t t ~ o ~ i  In the rr5ponse of NI'l' among 
plot5 and v t w s  indlcatr5 that C storage 15 seii5lt1ve to 
o t h t ~  g ~ ) w t h - I l m l t ~ n g  factors So11 nutr~tmt availablllty 
1% n  kc^ innctliiate for this Iimlt'ttlon (Farnus X Ja rv~s ,  
1989, Korner, 1995), a5 mggested by the results from a 
~iutr~t,rit ,imc~tidmcnt study at tile prototype I'AC F plot 
~t ti115 51tt. (Orcn 1.1 ( 1 1  2001) If  nutrient I l in~tat~on 
rnipostBs ,I constr,tl~it on future proituc t i~ i ty ,  ~t 1s l ~ k r l y  
t h ~ t  C allocation to the productron of wood w111 
dcr I t ~ s e  In fa\ our of tlie allocat~on to fine roo t  
prodlictloil, rhizodeposttloli, <ind myiorr1i1z;tl syni- 
htoiit3 iNorhv 1.f i l l  , 1992, 2001) Alloc,rttoli ot C to 
tlic,st, p )o l s  ~ t ' l l l  11kely result In ,I raptci rt>t~ir-n of fixed C 
to tlic atmosphere (Merbach 1.t ( 1 1 ,  1999) Thus, ~f 
nr~tr~ct i t  I t m ~ t ~ t l o n s  to growth 1ncrc.asr <lt  t h ~ s  s ~ t e  (f-.inzl 
i t  111 ,  2001, 2002), it 15 posslblr that h ~ g h  ratcs of C 
f i x ~ t ~ o n  under elevated COz w 111 ~ t , \ i ~ l t  in ,In <icceler;t- 
t ~ o n  of the C  cycle through the forc,st ecosystem writh 
Ilttlc o t  the, C rern,tlnlng In long-term storage pools 

Ilic willor author wottlci Iik(3 to tliairk J.51. f i i \ . i i r  for ~nsiglitful 
~i~sci~ssroiir a r t ~ l  thtl c.rcation of FIR.  7 and  ht. ilcrirpcl tor 
liil,i~io.ll 5up~ort.  The ,iuthors wor~l~i l i k ~ ?  to tIi.ink Y. 1'ar.l- 



\ hc t ik<~ \  for c1,it't ,I\\tctan~cs, 1 Nagv, K 1er\i11 aritl (, l l t~ r i c l r~y  I3un~ni l  W O  1 (lorn].. K'1, Lt'tll~aini CVA, 1lan.iil li (l'X17) A nioiic~i 
Ioro~)c~r.ittrig tl i t>I/%( T i  I ittt, l h t \  i t u d v  \\.is \~ tp~or t ( ' c l  hv tile 101 \ ~ r i \ ~ i l ~ i t ~ ~ i g  j)h~toivl'itht'\i\ 111 pldilt < o r i i r l i ~ i n t t t ~ ~ ~  I l i l j ' i~r~l i~i  
U\ 1 ) ~ ~ ) ~ i r t t i ~ t ~ t i t  of 1 ricrgy ( I lOt  through liotli the. Office of 38 lhl 203 
I i t~ log tc~> i  a t i ~ i  I t i \ i ro t i t~~ei i t~i I  Rc\r,nrth ,in11 tiir, N,itiorial l a m u \  I), J a r \ i \  I>(, (lLiHLf) Iht. dtrt'ct c f f c ~ t  of tiicrr.a\e in thc 
Iii\titittr~ of (,Iohal Lnvironmcritnl ( h n r ~ g ~  (NI<,I  C ) iouthca\ t  

global ntttio\pIi~,r~c C 0, cotirt.ntrat~on 1111 nntur,il ,,nci (onrtnc,r 
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Appendix: Estimati~ig the vertical profile of I71'Fl> 
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bro'3dlt>,>t spc'c1c.s .na\  ; ~ s s r ~ r n t ' d  t o  c o r r t > \ p o n d  to the, 

time. sc,rlcs ot t h e  iIicrt~<l5t, in  tlie rnnx i tnurn  ~ p - f l u x  

dt.lr\~tv, ot-r ta lr~ed from h o u l ~ d a r \  lint. , n~ ; l lys i s  on  dntci  



collcctcci brtwevn thc time In ~vhlch bud break was 
obst>rveti anti the t117ie of f t ~ l l  Ie,lf cxp'rllsion, a slrn~lar 
ciynanrlcs w'rs ernployrcl bc,twt.en the onwt  of c hloro5ls 
, ~ n d  full setiesctwce (Oren & I'at,lkl, Z ( l 0 l )  

The verttcal cllstnbution ctf turreiit- and previous- 

\car fo11,tgc was accounted for b~ 'grow~ng' the chirop) 
In rclat~on to needle e1ong;rtlon mt.,tsurcd tor 5 ycms 
wltliout a no t lce~bl t~  C'02  effect (liogc.rs & Yr*lls\vorth, 
2002) The ob5crvatlons 111ade at three vert~c,rl posltlons 
In the tanopy dernonstratt,ti that nt~cdl? rlongatlort, 
t,xpresst'd cumulattvely for all tlusht~s, was ne'lrly 
Itnear wtth tlme slnce bud brenk until f ~ t l l  t,xplnslon, 
but was cnmplrted 20 dnys earller at the bottom of the 
canopy thar~ at the mtddlc, and 40 d,rvs rarller than at 
the top Thus, trom bud break until day-ot-vc3,tr 210 In 
.ruhlcIi needle clongatlon at the bottom o f  the canopy 
was complete, the Increase 11; le<lf art.;l w,is partli~oncci 
vcrt~cnlly in proportlot> to the leaf area d e n s ~ t v  pro{ile 
ob5ervcd at bud break Thereafter, durtng the following 
40 d , ~ y s  before needle elongntlon ceased ,tt the top of 
the canopy, leaf area Increases wcrc restr~cted to 
progressively lrlgher levels In the canopy, rrmovlng 
1/40th of the total canopy Itlngth per ciav betore 
drstnbuting the clally increase In lcaf area In proportion 
to the leaf area cienstty profile o f  the rcmalnlng actlvely 
gro\trlng canopy ?'he decrease In 1' ti1(,df1 lcaf area index 
wlth senescence at  the end of thc growlng scason was 
p a r t ~ t ~ ) ~ w d  vertltally In proportlo11 to the arnount of 
previous-year fo11'1ge 

Incoming I'I'I-11 was partltlolit~ci lnto dtrt'ct and dlffnsc 
components ;tccorcltng to Frbs 1.f ill (1 982) 

K1 
I,, 

( A l )  
I ,  Y 

\+hrrt> k l  1s the clearness ~rtcitxx, I , ,  1s tot,11 i i l r o ~ ~ ~ l n g  
rad1'1tiorr , ~ n d  I,, 1s total cxtr,rtt>rrestrlal r,rcil;rtlon K ,  is 
rclatcd to tlic fraction of th r  dlftusc compontwt bv tlic 
follo~vlltg 

~f K I , 0 80 t h ~ n  I, ,  , I,, 0 I h (112) 

wht>rr lti is diffuse radiation. 

I)lrr>c f bcartl nzd~iztroti 
Ih r  r,xti~rctlol\ coefficl'rrt for the dlrect beam mdl,?tlctn 
Kt,, 1s calc u1,ttc.d ,tccordlng to C a n ~ p b t ~ l l  & 'Vorrn,\t\ 
(1998) '1s 

where Kl,, 1s the Ilght exttnctton coeificlent for 
e l l~psotd~tl  d~str ibutc~d leaves 111 the canopy, I, 1s /enlth 
angle, ( w l ~ l c l ~  depcncis ctn time of year ~ n d  tinitx of day), 
and 2 1s the mtlo of a lerage projecteel Ie,it a r m  of 
canopy elcmc~nts on  the hor~zont~ t l  'inel verttcal surfaces 
( t ~  g tor a spherical leaf dlstrlbutlolr w I ,  chosen for 
tlus canopy composed 111ostly of conlft,rs based on 
Campbcll & N ~ r m ~ r n ,  1998) From Kt,,, the tra1lsmrsslot1 
coeffictent (it,) 15 computecl, whtch cietermlnes light 
,rttcnuatlorr of the dtrrct beam through t h r  canopy 

where 1 ,, 1s cumulntlvc le'jf area cien51ty 111 layer I, 17 1s 
the cluniplng f'lctor (C,~lnpbrll  Kr Norman, 1998, 
Sttmherg, 1998) The coefficlr~ts for the broa~ile~rf 
spctles were ,1ssunied to be sirntlar to t h t ~  values of 
the more prevarltng, wtlopy do1n111'3nt I' tacvf~z (see 
Table 2, Schafcr ~t 111 , 2002) The dlrect beam r<~dlatton 
enjoyed by the leaf tn each layer (/1,,103) can be 
computed as  follows 

for I-' ticc.rla, It,, =- Kb, x 11> XC' (A%) 

tor b~ oadleaf, I!,, - Kt,, x 11,. (A5b) 

where It, 1s the dlrect beam radlatlon above the c~lnopy, 
c 1s ,I corr~ferous slroot speclftc transmlss~on coefficient 
and k 1s the number of slioots obstruct~ng the 11ght 
beam In r a t  11 Itg11t c,rtt,gory ( k  - 0, 1, 2, , 9) 

L)ljJlii(' r~11Il~flo17 
I he Ilght crtl1-1ctlo11 cocfficlent for diffuse radiation (Kc!) 

1s a f u n c t l o ~ ~  ot 1 ,, , ~ n ~ l  thus c l ~ ~ l r ~ g e s  througl~out the 
canopy A f t c ~  obtalnrng KLI from thc K , { - l , ,  rcl,rtlonshlp 
s h o w l ~  In C ,~mpbc~ll  Kr Norman (19981, the tr;lnsmts\tctn 
coefftclent tor  diffuse Ilght ( T , ~ )  ts co~nputc'~l ,is 

~vltert, p'u~~n1t"tr~r\ ,>rt> ,I\ In 1 q11 (A4) and \vhercx yl, 15 

Ic,,~t absorptr\.lt\r ot  l'l'l 1 )  (scv T<>ble 2) I'llc. cixtf~ist, 
r,rci~;ttlon in tht, ~ t h  c~111opy 1,lyc.r (I,],) 1s con~putt.cl ,I< for 
I' t~rc>tiir anti tht. broacilcat c,lnopy by 

Scllftc~!t~ii li7iilotlol7 
Scatterccl raci l '~t~o~t  1s c rtwtcd by rtf1t.c tion of r~ t i~ , r t lon  
from the lc~avcs 111~. Lransmlssioli coc.fllc l t> l t t  for 
icntterrd r,~ciiat~on ( T ~ )  15 co~nputeci by 11\1ng tht- 



and the scattt,rc.ci r<tcf~ntiorr In tile rtl? canopy laycr (I,,) 
L 'rn ht, ~ o m p u t e d  as 

1, ( 7 ,  T I ) )  r 11, (A91 

The t11rc.e r , rdrat to~~ typc.5 wt>le comblncd at cach 
c'rrropy 1e.i.el to c~rl(li1nte thr  Irght inte~rsrty incr- 
dent on the, leaf surf,rce in e x h  of the 10 lrgl~t 
catcgorrt,s 

:.or estimating stomata1 conduct,>nce anci C,/C,,  broacl- 
leaf foliage wac assrgned to t i lo  categorres (sunlrt vs 
slidded) and P fiic~ilu folr,lgts .cvas assrgneci to 10 
categories of varylng I'I-'FL> r'lnges For broadleaf 
specles, the <)mount of 5trnlrt and shaded foli,?gc was 
estrmatrd tl~roughout the canopy '3s the fractron that 
receives sunlrght at eat11 canopy depth, ' ~ c c o r d ~ n g  to 
Campbell Rz Norman (1998) 

f \ i j k )  (,\ h l > < i h l ~ I L )  (A 1 On) 

where f,l 15 the fractron of s u n l ~ t  lt-aves , ~ t  depth I ,ts ,t 
functron of the r e n ~ t h  .tngIc k  w111ch dt7penclc on t ~ m e  of 
year a~rcl trme o f  [Jay (Campbell & Norman, 1998) 
Shaded foll,\ge w ~ s  ~l lumrn~tted wrth diffu5tx and 
ccattered Irght, whrle sunlit foliage enjoyed direct light 
In additton For I' toc~r111, a pe~r~rmbr,>l  effect resultrng 
from corlrferous \hoot 5tructure drstrrb~rtps direct lrght 
rnto intcnsrty rcgirncs bclow that of the unobstructrd 
lrght (Stt~irtltxrg, 1998), thus, the prob'3bilrty of Irght 

catc.gorv f,) 111 tl~c, rth canopv 1avt.r I< 

C,\nopy t o n d r ~ t  tnnc-t was dlstrrb~rtt\tf t~trcal ly  ~ p , l -  
r,>trIy rn t h e  broadleaf and  I' frnc.111r tanopy In the 
broadle,~f canopy the f r ~ c  t ~ o n  of c on~iuc t , t~ i te  of e x h  
toliagc catt,gory rn t ach  1,tyt.r relatlv' to t h t ~  tctt'tl was 
used , ~ s  wc.~ghts to rrscale the nlc.,lrl carropy stomata1 
conduct,~~lco (G( ) ohtc2rnccf from s,rp-flux, such that the 
total w,ttc%r uptake worrld be prest,rvt>d, a s  

,i 

~ ~ ~ ~ i , x f , x f , i , t g , t , , x l , x ( J  , I  f , ,  ( A l l )  

I\ here G, 1s rne;11r stornatal conductarrct, for hardwoods, 
1 15 It.at ,trtxa rndex, 1 is c'tnopy I~lver, 11 rs number of 
canopy layer5 (here 11  Ih),  ,g,, ancf g.~, 1s stom,it,>l 
coilductance of s u n l ~ t  anti shaded folrngc, re\pect~vely, 
and f,i 1s sunlrt fractron of tht, folrage 111 the 17 trrt.lia 
canopy n p ~ n u m b r a l  effect on the I'I'FD d ~ s t r ~ b u t i o n  
wr th~n  the canopy of I-' trrt,iju was ~ilcorporated 
accord~ng to Stenberg (ICf98) Accountrng for thrs effect, 
the folrage In each canopy 1ayc.r ~ 1 . ~ 3 5  cl~vrdcd ~ n t o  10 
Irght categor~es U s ~ n g  a 51nrrl~ir u~t>rghtrng mcthodol- 
ogy to th'lt destrrhed above tor the broad1t)af canopy, 
(;( of 1' ti?~.rl(~ was repdr t r t~or~e~i  ~ L I C - ~  that 

wlrcrt, represents the Irglrt tl,tsc, and Il 1s the 
probabilrty of lrght category 1 (Stenhcrg 1998) 


